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Renewable oceon energy systems are rich in potential, but little of the 
sea's renewable anargy nan ba economically harvested ac present. Tha six 
renewable ocean energy ayacama receiving Federal research support ac praaane 
arai Ocean Thermal Enargy Convaraion (OTEC), tides, ocaan winds, wavaa, 
curranta, and aallnley gradients* 

Thia rapore aaaaaaaa both chair relative potential for contributing to 
future anargy supplies and their state of advancement* 

Three working papers provide detailed analyses and deacriptions of five 
of the six technologies* (An UTEC assessment is contained in previously 
published OTA literature.) The three pepers in this volume cover the 
subjectsi 

A. Winds, Currants, and Waves 

0 * Tides 

C• Salinity Gradients 

The technology required to harness tidal action already exists* While 
tidal systems might be marginally profitable on a commercial basis, only a 
fsw sites era available in the United States* An actual operation in the 
United States is probably a minimum of 10 years away* The stete of the art 
with regard to the other five renewables is less advanced* There remains a 
considerable amount of research to be done on systems involving energy drswn 
from OTEC's, salinity gradients, currents, ocean winds or waves* 

The Department of Energy (DOE) is the principal Federal Government 
agency exploring energy systems from renewable ocean resources. 
Kesponsibility for this research falls to DOS's Division of Solar Technology 
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which overseas the OTEC program aa wall aa cha technologies involving waves, 
ocaan winds, currants, and salinity, gradients. Tidal research cones under 
DOC's Division of Hydro electric Resource Development. 

Of die technologies under Solar Technology (all but tides), OTEC is 
apparently regarded the most seriously, with emphasis placed on early 
commercial development. Approximately $35 million has been allocated by DOE 
for OTEC research in fiscal year 1979. This is about 9 percent of the 
division's soler energy development budget for the year. 

DOE research on tides has ended for the present with a study by the 
firm of Stone and Webster, which identified possible sites including one at 
Passaoiaquoddy., Maine. DOE is pursuing tidal studies no further. The Corps 
of Engineers, however, is beginning a $3 million stud/ of cha feasibility of 
building a tidal system at Passamaquoddy bay. Total fiscal year 1978 
funding for research and development on the remaining ronewablas was less 
than $500,0U0. 

Technological Status 

The contractor reports which make up this working papers describe the 
technological status of each of the five systems. 

In addition to the contractor reports, two studies are especially 
valuable in understanding the six ocean sources and technologies. The first 
is the two-volume "Renewable Ocean Energy Sources, Part 1, Ocean Thormal 
Energy Conversion," published in May 1978 by OTA. It assessess the oTEC 
program to date* Also recommended for use is "Energy from The Ocean," 
released in April 1978 by the Congressional kesearch Service. 


It is clear that tidal power is the only technology immediately 
available today. However, it la not clear which of the remaining systems 
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could bo developed most easily and cheaply* OTSC, with heavy Government 
research and development support, is Judged to be capable of operation and 
pilot plant development well before the others* But significant new 
discoveries in any of the other fields could overtake this major effort. 


System 

TiSr 


OTEC 


TabliJ. 

Comparison of Technology status 

for Renewable Ocean Energy Systems 

status of Technology 

In Place* Developed and operating. 
Expense and siting demands are 
difficulties* 

Urge systems under active 
development* Component 
testing underway but near* 
term commarclal use la still 
doubtful. 


Waves 


ucean Winds 


Currents 


Salinity 

Cradiants 


Small devices tested. Some 
research in progress* 

Problams in converting wave 
power to useful energy* 

Und windmills under active 
development but little ocean 
research* Major economic and 
engineering problems exist* 

Only modest research to date* 
Much USD needed before any 
system could be evaluated. 

Only modest research to date* 
Much k&D needed before any 
system could be evaluated* 
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future Snergy Potential 

Estimates vary widely over tha amount of power which ia contained in 
the six ocean sources. Even though enormous potentials are claimed, only 
portions can be harvested* Table 2 compares harvestable total energy from 
specific regions near the continental United States. Except for tides, 
these estimates assume that suitable systems can be developed and that 
economics will prove favorable. (A more fully referenced rationale follows 
table 2.) 
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Comparlaon of Eatlaated Available Energy Prom Specific 
Ocean Kejvawabla Source* 

(Maximum exploitable) 


Technology 

Location 

Energy (MW) 

Remark* 

Tide* 

Paeaauaquoddy 

Maine 

1,000 

Baaed on extenalve 
engineering atudiea 

OTEC 

Gulf of Mexico 
feeding U.S. 

Gulf Coaat 

15,000 

baaed on preliminary 
a*time tea of 30 
plant* of 500 MW 

each 

Wave* 

Moat favorable 
location along 
200 mile* of 
Oregon Coaat 

2,000 

baaed on energy 
available, rough 
eatloate of 
efficiency but no 
apeeiflc ayatea 

Ocean Wind* 

Offahore 

New England 

5,000 

Generated by 15,000 
windmill* 

Current* 

Offahore 

Florida 

Gulf Stream 

1,000 

Site of hypothetical 
turbine* would be a 
function of total 
number required 


Salinity Gradlanta - No aitlaaea aaaua raaaonabla to make at this ataga 

of development. 


Rationala for labia 2 


Tidas - boa working Paper on Tidaa • pp 30*35 and tabla 1* Thia figura 
raprasants the total tidal pouar reaource at Paaeamequoddy baaad on EllDA and 
COL report* of 1V77 for an international (U.S. and Canadian) project. The 
only other potential alta in the United State* ia Cook Inlet, Alaaka with up 
to 3,500 J1W potential but it la in an earthquake region and la far froa 
conauoer*. The upper bay of Fundy in Canada: alao ha* a large potential. 

OTEC - See OTA, OTEC report pg. 10. The only poaaible aleea near the United 



beat** and thus aultabla for electrical power d«11vary potantlal othar than 
tha Uulf of Mexico would ba off such Islands as Hawaii, Puerto hieo, or the 
Virgin Islands* Soma specialists also ballava that OTEC could operate 
successfully in othar tropical waters and produce commodities such as 
ammonia for transport to tha Uhlted States* This taola does not include 
this potantlal energy source* 

Waves • Sea Working Paper on Waves* Studies show that s maxinun of 20 
megawatts*per mile represents available wave energy along the cost 
productive Oregon coastline in an average year* If the best estimates of 50 
percent efficiency in future wave generators are used, this would produce a 
total power of 2,000 megawatts* 

Currents « beo CKS report pp. 150 to 165* The Florida Current (Culf Stream 
off Florida) with a total power density of 25,000 megewatts is the only 
major currant flow of its kind near the United States Experts have ogreed 
that about A percent of this la the maximum which is feasible to extract 
without adversely effecting climate or other environmental factors. 

Ocean Winds * See CRb report 223*232* Available windpower at offshore sites 
was estimated in a 1972 K8F/KASA study and the offshore New England area 
presented the largest resource potential* Between 15,000 and 35,000 
megawatts was stated as the maximum possible power production here* No 
recent work has been done to relate that number to feasible technology; 
therefore one*thlrd of the lower number is used here with the note that this 
is only a gross estlmste* 


The Department of Energy (DOE) is the principal funding agoncy for R&D 
on ocean renewables. Future funding plans reflect a continuation — usually 
with substantial future grant increases if there is any optimistic 
prediction of success ** of present K&D programs for each of the 
technologies discussed. OTEC funding overshadows the money planned for the 
other 5 technologies combined by about a factor of 10* However, some 
millions of dollars are planned for the future of each of the others* Table 
3 presents spending plans over the next 5 years for each technology* 

Table A compares funding plans for each technology* From this, one 
might infer that other than OTEC, waves present the most interesting 
prospect for continuing research by DOE followed by salinity gradients and 
currents* In the case of tides end winds, it appears that the prospect for 
continuing research are low right now. 






Dapartnane of Ennrgy (4 C of E on Tldof) 
5 Yonr R&O Funding Plon - FY 1979-83 


Wavaa 

Stanley 

Currant* 

Tide* 

Wind* 


$5 

Million 


810 

Million 
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813M 


) OTEC - 8 263 Million 




Each proposed project now appear* to be Judged on its individual merit 
using factors such as pear review of the proposal, experience and competence 
of the principal investigator, relevance of the subject to developing new 
energy technology, and past history of Useful work. At prevent there does 
not seem to be any step by step research plan for these individual 
technologies. 

There may be no logical way to plan a research program for some of the 
technologies until more knowledge is gained about both the resource 
potential and the various energy conversion schemes. At some point in the 
process, however, a research plan snould probably be attempted. Once a plan 
is accepted progress could more readily be measured against that plan. 



TIDAL POWEK 



1. SCOPE OF WORK 
1.1 GENERAL 

The following report wee prepared at part of the OTA study on 
Renewable ocean Energy systems. Its purpose Is to provide up-to-date* review 
of key technical aspects of tidal power. It was prepared by F. J. Lonpiatti, 
a consultant to OTA. 

1.2 UNITS AND AilflkEVlATIONS 


ID ■ 

meters 

mills • 

.001 Us $ cents or .00001$ 

kw » 

kilowatts • 1000 watts 

mw ■ 

megawatts ■ 1000 kw 

kw-hr • 

kilowatt hours 

DOE - 

Department of Energy 

COE - 

Corps of Engineers 

EOF • 

Electrlcite de France 

N£ Pool « 

New England Power Pool 

Cf.'EXO - 

COIIITE NATIONAL POUR L’ EXPLOITATION 

DES OCEANS 
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2. CONCLUSION'S AND SUMMARY 

The main attraction of tidal energy le that it provides a renewable 
source of power for $0 to 100 years — the life of the installations built to 
harness it* 

Although now well proven at La Kance tidal powerplant in France the 
technology of tidal power generation is not highly developed* In its present 
state it is very site specific and heavily dependent on a high tidal range* a 
large basin capacity* narrow passages and other favorable site 
characteristics* Tidal power is obtained by building dams across the 
passages into tidal basins* This process io difficult and expensive* 

Under this technological constraint there are relatively few suitable 
sices* In North America these include Passamaquoddy in U.S.-Canadian waters 
and the Bay of Fundy in Canadian waters* Another U*S* site at Cook Inlet* 
Alaska presents many hazards due to the high incidence of earthquakes in chat 
region. 

Using present technology the tidal power resource potential at 
Passamaquoddy is about 1*000 megawatts (Mw); 4000 Mw at Fundy and 3500 Mw at 
Cook inlet. The Passamaquoddy site is the most promising; next is the 
Cumberland Basin section of Fundy with 10B4 Mw. Together these represent 
about *5 percent of the tidal energy produced in-1976 in the United States. 

Tidal power generation is highly capital intensive for the most 
promising North American projects. They require extensive dams in relatively 
deep water* 
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The main potential of tidal power Is as a substitute for fossil fuel In 
the short term and as a reliable longterm source of supply. Tidal power also 
presents the apparent advantage of being a clean form of energy, but its 
environmental Impacts are poorly documented although they should be easy to 
study at La Kance which has been in operation for 10 years. 

There is relatively little information available on research in the 
development of new technologies for tidal power generation on the improvement 
of the present technology* Advances are desirable since new avenues appear 
promising. In particular, the possibility of eliminating dams altogether and 
of generating power directly from tidal currents would greatly Increase the 
number of favorable sites and possibly render the economics more attractive. 
Present estimates of capital and operating costs for tidal powerplants in 
North America at Paesamaquoddy and Fundy are not made from detailed site 
studies and do not provide sufficient reliable information to judge whether 
they are conservative or optimistic and to what degree. Thus, sole reliance 
on the benefit cost ratios or life cycle evaluations is not advisable in 
making definitive judgements on the merits of tidal power. 

* * h 

By an accident of nature tidal power sites in North America are few in 
number and located in lightly populated areas* This means that a tidal 
project at Paesamaquoddy Should be considered in light of the total power 
needs of the region* For example the Canadian Fundy project would need to 
rely on exporting power to the U*S* to be economically viable* 



-13- 

3. INTRODUCTION AND DEFINITIONS 


3.1 Tides 

Tides are essentially gravity waves with periods of approximately 12 
hours between crests. Tidal crests, or high tides are followed 
approximately six hours later by low tides, during which the water recedes 
or ebbs. The tide then advances again or floods to complete the 12 hour 
cycle or period. The total difference in sea level between high and low 
tide is called the tidal range or amplitude* Although tidal cycles remain 
approximately constant in duration (12 hours), the actual time of high tide 
(and of low tide) advances daily by approximately 50 minutes. 

Tidal volumes also go in cycles* In order of increasing duration, 
spring (high) and neap (low) tides occur about every 14 days. Every 29 
days spring tides reach higher levels; and. twice yearly, at the equinox, 
in March and September, the tides reech their maximum. This is usually 
described as the maximum tidal range at a given site. 

Tides are relatively easy to measure and have been studied at most 
locations around the world. They are highly predictable except for storm 
tides which can result in several feet of sea level increase* Tides, like 
gravity waves, are influenced by the water depths and by the local geometry 
of the coastlines. This effect, called refraction, may enhance tidal 
extremes in funnel-shaped bays and estuaries and even result in tidal bores 
at river mouths. 

While sea tides are highly predictable, the circulation patterns or 
currents associated with tidal movements are less well-known at most 
locations. For any particular basin or estuary the circulation pattern is 
also affected by the amounts of fresh weter introduced by rivers and 
surface runoff, at various times of year* This mixing process is Important 
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and very complex. It depends on the shape of the tidal basin, and the 
amount of runoff. This is critical to the ecology of a region. 

3.2 Tidal Energy 

The regular tidal movement of water can be understood as potential 
energy. This potential energy is converted to kinetic energy when the 
water flows to seek its own;level — rising during flood tide and rushing 
out during ebb tide. This £low can be harnessed to do useful work at 
narrow passages in a basin where the flow velocity is increased. 

By closing these passages artifically at the end of the flood tide 
cycle, water is impounded in the basin. During ebbtide when the difference 
in water level behind the dam and seaward of the dam is greatest, the tidal 
energy may be extracted. This difference in water level or "head of water" 
is directly related to the tidal range. The greater the tidal range the 
greater the head. 

For practical purposes the potential energy of a particular tidal 
basin is proportional to the mass of water in the basin multiplied by the 
average head of water. A more detailed treatment of tidal energy concepts 
may be found in Bershtein (1), and in Cibrat (3). 
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4, TIDAL POWER 

4.1 History of Tidal Power 

Harnessing Che tides to drive water wheels and similar devices is an 
ancient technology. Summaries of the history of tidal power may be found in 
Bershtein pages 29-36, (1) and in Wayne's report pages 3-3 to 3-6. (2) 

There is currently only one major tidal power plant in operation 
today. It is the 240 (Hw) facility at La dance, in northwestern France. It 
has been in operation since 1967. A more detailed description of tnis 
facility is given in section 4.4 below. 

A number of small tidal powerplants may be in operation elsewhere around 
the world, reportedly including 40 in the People's Republic of China as of 
1958, and one of 400 kilowatt <kW) capacity at Kislaysguba in the Soviet 
Union. Little specific information is available. This deserves more 
detailed investigation. 

The U.S. and Canadian investigations of possible tidal power generation 
in the Bay of Fuhdy vicinity date back to 1919. These studies have been 
updated many times since, including most recently the COE preliminary 
economic feasibility study of April 1977 (5); and, the Canadian Reassessment 
of Fundy Tidal Power of November 1977. (6) 
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4.2 Principles of Tidal Power Generation 

The basic principle of tidal power generation is to obtain at all times 
during the tidal cycle the maximum head of water across the generating 
equipment. This is achieved by regulating the flow in and out of a basin 
(basinward or seaward) according to a variety of possible schemes which take 
into account local basin configuration and tide characteristics. A minimum 
gross head of about 5 feet is usually needed to permit power generation. 

The simplest tidal power arrangement involves one basin, "the single 
basin" scheme, producing power during the ebb tide by the effect of water 
flowing seaward out of the basin. This is also called the "single effect." 

It produces a finite burst of power of limited duration during part of the 
tidal cycle. The time of the peak of this burst advances daily to follow the 
shift of the high tide (section 3.1). Power generated froa a single basin by 
the single effect is discontinuous and is not available at fixed times. 

Since this does not respond to the normal demands for electrical power, many 
additional configurations have been conceived to deliver more regular power. 

The "double effect" configuration generates power on both the ebb and 
flood tides. Lo Ranee is this type of installation; it uses reversible 
generating units capable of working with either seaward or basinward flow. 

In order to supply more continuous power to suit system load requirements the 
double-basin configuration has been envisaged. This requires two basins 
between which a differential head can always be maintained. The upper basin 
is filled on the high tide and the lower basin is emptied on the ebb tide. 
The power generation equipment operates on the single effect principle 
between the two basins. Although this scheme supplies power continuously, it 
does not supply a constant amount because of the variable head between the 
upper ano lower basins. 




Many other configureelona have bean conceived to extract power 
continuously from tidal energy. Wayne (2) tabulates 12 Increasingly complex 
configurations which include double-basin double effect, double-baain single 
effect with pumping and multibasin concepts with storage and/or pumping. 

From the foregoing it will be apparent that only a fraction of the 
potential energy theoretically available from e particular tidal basin can be 
usefully extracted as power* For the 12 configurations tabulated by Wayne 
the energy utilized ranges from 13 percent to e maximum >f 34 percent for 
single-basin double effect schemes. The maximum power output capacity of a 
particular generating configuration is further reduced by the power cycles 
corresponding to the tidal cycles. At la Kanes where the rated Installed 
capacity is 240 Mw, for a year of 8760 hours the theoretical output should be 
240 x 8660 • 2,100 million kllowatthour (kWh) whereas the average annual 
power output is only 544 million kWh or approximately 25 percent of the rated 
capacity. This utilization (capacity) factor ranges, accordingly to Wayne, 
from approximately 0.27 to 0.44 for Installations currently under 
consideration. These values are compatible with what are called 
"intermediate load plants." Comparable fossil fuel plants would be either 
combined cycle plants burning Mo* 2 fuel oil or coal-burning plants. 

In conclusion, although the principles of tidal power generation are 
relatively straightforward, the efficient extrectlon of a constant amount of 
power regularly is more complicated and therefore more costly. 

4,3 The Technology of Tidal Power Generation 

Current tidal power generation technology is highly specific and 
consists of the following elementsi 

i) a basin with adequate volume, narrow entrance and the 
highest possible tidal range; 
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ii) one or more dame to impound the tidal Clow; 
ill) sluice gates to adnit or release water; and 
iv) generating equipment which in some instances can also 
double as pumping equipment* 

(Electrical control and distribution is considered a companion technology 
here and will not be discussed*) 

4*3*1 Dams 

The construction of tidal dams depends on the water depth at the site. 

If it is shallow as at La llance (10 m) the dam may be built in the dry behind 
cofferdams. Where water is deeper* the construction requires the emplacement 
of rock protection on two sides of a central impervious core which is 
emplaced last. This is differnt from damming of rivers where the current is 
in one direction only* 



-19 


4.3.2 Generating Equipment 

Turbogenerators Cor tidal powerplants are baaleally propeller driven 
turbines capable of operating under lower heads than conventional 
hydroelectrical turbines. The turbines drive generators. All are located 
in the powerhouse which is the heart of a tidal powerplant. Wayne (2) 
describes four basic typess 

i) Vertical axis turbines with the generator located in the 
dryi above the turbine* This provides ready access to the 
generator but requires more elaborate and costly Intake 
and discharge designs and is less efficient than 
horizontal axis turbines. (Fig* 2). 

11 ) horizontal axis turbines called “bulb-type" units which 
drive a generator encased in a submerged* streamlined 
housing (the bulb)* This is the kind of turbine in 
operation at La Ranee and the bulb turbines have 
adjustable blades which allow their operation for double 
effect generation as well as for pumping and as sluice 
gates* This high versatility provides much flexibility of 
operation and higher power generation efficiencies. 

The cost of providing reliable* watertight housing bulbs 
with adequate cooling and lubrication of the machinery 
make the bulb turbogenerators more costly than vertical 
oneaj however* the Intake and discharge passages are of a 
a simpler design. The tradeoffs are between capital cost 
and efficiency. For applications where the flow is only 
in one direction and requires no pumping* slmplier 
designs of bulb units are applicable. Bulb 



Figure 2.—Vertical Axis Turbine 
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Plflur* J.—Bulb Turbin* 


POWERHOUSE GANTRY CRANE 
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turbogenerators now In U« rang* in capacity from 10 mw to 
40 mV. To tha tip of tha turbina bladaa tha diameter of a 
10 oW bulb unit is 
5.35 m (16 feat) (fig. 3). 

iii) "Sloping-shaft" units are essentially vertical shaft 

machines which have bean tipped to gain afficiency from 
a water passage straighter than in the vertical axis 
type. In sloping shaft designs which have been applied 
in a number of low-head hydro projects, tha generator 
is in the dry at the end of a long shaft up to 5 feet in 
diameter. This presents a number of delicate construction 
sealing and alinement problems. The efficiency of sloping 
shaft turbines is reportedly lower than that of bulb 
units (fig. 4). 

lv In "rim-type or Straflo" turbines the blades rotate on a 
horizontal axis and reconnected at their outer ends 
by flexible, water-tight connections to a generator. 
Although this type of design has been successful in 
applications only for very small units in Germany, 
larger units are under development at present by a 
Swiss company which claims that the capital costs 
will be considerably less than for comparably-rated 
bulb turbines (fig. 5). 

4.3.3 Sluicegates 

A variety of sluicegate designs can be envisaged to accomodate the 
requirements of any specific project. To control the vast flow rates, 
adequate sluice oplnings and very massive structures activated by heavy 



Row* 4.—Sloping Shalt TmUm 






Figaro 5.—Rim-Type StraRo 
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machinery tire required* 

4.3.4 Construction 

While ehe construction technique! envisaged for tidal power projects 
present relatively few untried concepts end ere highly site-specific, their 
scale deserves special attention. It is not unusual for projects to 
involve the consideration of several alias of daos with soae parts in water 
as deep as 250 feet, end with tops wide enough to accoaodate a multilane 
roadway. The materials required are vast, as are the transportation and 
emplacement problems. The time to build some of the tidal projects 
currently under consideration will be on the order of b to lu years. 

foundation considerations are critical. When conditions permit the 
use of prefabricated modular elements which may be floated and sunn in 
place, significant cost and time savings could be achieved. 

4.3.5 New Technology 

There is relatively little information available on the development of 
new technology for tidal power generation. Two directions for the 
development of new technology appear promising. 

One is the development of systems to generate power from tidal current 
velocity directly rather than from the tidal head* If floating moored 
structures or open, bottom mounted trusses could be developed to support 
the generating equipment, they would eliminate the need for massive dams 
and powerhouses. Heronemus and Von Arx (4) in 1974 at the MOAA tlacArthur 
workshops implied that it is technically feasible to install e type of 
Savonhlus rotor in a current stream to generate power* 

Another direction is the development of standardized, small (of some 
optimum size to be determined) turbogenerating systems which could be 
routinely Installed in small local applications to meet the needs of remote 
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localities* This standardization might ovarcooe the higher unit costs 
usually associated with smaller projects* 

4*4 La hance, France Tidal Fowerplant 

The estuary of the Ranee River in northwestern France, on the English 
Cnannel, has a maximum tidal amplitude of 13*5 m (44 feet) during 
equinoctal springs* The narrow entrance of the estuary is dammed by an 
artiflcal structure 7S0 o (2460 feet) long built on granite bedrock 13 
meters below the low tide level* The reservoir has a capacity of 164,000, 
U00 cu.m (149,000 ac-ft.) at 13*5 m tides, extending upstream for 20 km 
(12*3 miles over an area of 2,200 hectares/5,400 acres)* 

The structure consists of the following parts< 

i. a lock permitting navigation between the basin and the sea, 

ii* a powerplant housing 24 bulb turbogenerating units located in 

in the deepest part of the channel, 
ill. a rock-filled passive dike, and 
lv* a sluicegate section housing 6 gates* 

The top of the structure accommodates a two lane roadway 14 m wide 
which is a major thoroughfare* 

4.4*1 The Powerplant 

The powerplant is housed in a reinforced concrete structure 390 m 
(1250 feet) long by 33 m (10b feet) wide divided into 2b bays. Four bays 
are used for maintenance, transformer, and control facilities, and the. 
remaining 24 shelter the bulb units* The bays drain into sumps -17*5 m 
(57.5 feet) below mean sea level* 




27 - 


4.4.2 The Turbines 

The 24 identical bulb-type turbines have a capacity of 10 Mw each, 
thus giving the plant a total maximum rating of 240 Mw. Each turbine is of 
the Kaplan type with four adjustable blades rotating on a horizontal axis 
at an average of 94 KPU. 

Each turbine drives a 10 Mw alternating generator operating in air 
under double atmospheric pressure inside the watertight housing* The 
turbogenerators are operated simultaneously in groups of 4} two such groups 
(8 units) being dedicated to one transformer of 225 tcV connected to the 
outside by oil-filled cables under pressure* 

Computer control of the operation is required to allow optimization of 
the power output for each tidal cycle* 

4.4.3 The Dam and Sluice Cates 

The rock fill passive dam is 163 m <535 feet) long with an impervious 
concrete core* There are six 15 m (49 feet) wide sluice gates capable of 
opening to a maximum of 10 o (J3 feet) each to allow a maximum flow of 9600 
cu.o/sec (320,000 cfs). 

4*4*4 Construction 

The kance project was started in January 1961 and the last of the 24 
bulb units was put in service on December 4, 1967, almost 6 years later. 
Construction was in the dry behind three cofferdams of cylindrical 
sand-filled caissons supporting sheet piling* The maximum water depth in 
the center of the cofferdams was 12 m below mean sea level* Manpower 
during the construction reached a level of nearly 1,000 in 1962 and varied 
between 800 and 400 until early 1967* 

4,4,5 Capital Costs 

Various unpublished Internal Electrlcite de France (EDf) documents 
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give the overall project costs In 1973 francs (1 US $ was approx* fr 3.5) 
as 670 million francs (approx. $ US 200 million) of which the bulb units 
were reportedly about 40 percent. In 1973 the capital cost per installed 
kW of capacity was thus about fr 2800 or $800. 

4.4.6 Operating Aspects 

The plant is operated and maintained by 51 personnel. The downtime 
both normal and exceptional has averaged about 6 percent. 

The net annual power production has been on the order of 544 million 
kWh on average and the mean annual power output about 65 Mw. 

The operating policy has been to minimize the costs of the energy 
generated instead of generating the maximum amount of energy. In 1973 
direct costs (excluding depreciation and amortization) were 0.0133 fr/kWh. 
Personnel accounted for 15 percent of this. 

4*5 Economics of Tidal Power 

Reliable estimates of the capital and operating costs of tidal power 
projects are difficult to obtain. They are also highly site sensitive, so 
that economics of scale which might be expected from a larger plant 
capacity may be lost to the need for longer dams or to difficulties of 
construction. 

As a rule of thumb, tidal projects in North America started in the 
near future and completed in 1985 to 1990 would require investments of 
$2,500 to $3,500 per kW of plant capacity. A 250 Mw tidal plant would be 
currently expected to cost actually between $625 million and $675 million. 

The life of a tidal powerplant is variously estimated at between 75 
and 100 years but for the purpose of economic analyses it is taken as 50 
years. 

Over such periods of time the annual costs are not expected to 




increase as rapidly as for planes which consume fossil fuels. Annual 
operating coses for North American tidal powarplanes under conslderaeion 
consisc in major pare of fixed financial charges. Operaeing and 
maincenance coses including chose of eranamisslon lines are esclmaced by 
Wayne (2) ae 2 eo 4 percent of eoeal annual coses. Thus for a 500 Mw plane 
eoeal annual costs are estimated ae $139 million of which operation and 
maintenance are $2.6 million* The average projected power costs in mills 
per kwh range from 56 eo 106. 

Alternative energy generation by coal-fired or combined ftydle planes 
is estimated to require capital investments of $100 to $600 per kW of 
Installed capacley* 

Economic evaluations of tidal power projects hsve recently been made 
by the Corps of Engineers and by the Department of Energy according to 
either of two methods; 

i) by the benefit-cost retio method* and 

11) by the life cycle cose method which is a form of discounted caeh 
flow computation over the life of a project using a computer 
model devised by the Federal Power Commission (COE April 29 77). 

Both uethods indicate that tidal plants would not be as economical as 
fossil fuel plants today but chat rising fuel costs could make a 
considerable difference in this outcome. 



5. POTENTIAL TIDAL POWER RESOURCES 


5*1 Passamaquoddy-Cobecook, Maine 

The total tidal powar raaourca potantlal at Passamaquoddy la about 
1000 Mw or lata than 1/4 percent of tha total alactrlc energy produced In 
tne United Statee In 1976. 

Accordlnglng to Wayne there are six possible projects In the region. 

The two largest of 500 Mw and 1000 Mw respectively are tha subject of a COE 
report and are referred to as M The International Project" because 
Passamaquoddy Bay is located largely in Canadian waters. 

The principal characteristics of the various projects as of June 30, 
1976 are summarized in table 1. 

The Passamaquoddy Bay region at the western edge of the Bay of Kundy 
is one of the world's more obviously potential tidal power sites and has 
attracted attention since about 1919. 

Various specific regional characteristics deserve to be highlighted 
here although no definitive regional investigation of the project appears 
to have been made yet. 

The mean tide range of IB feet and the relatively large basin areas at 
Passamaquoddy (approx. 100 square statute miles) and at Cobscook (approx. 

40 sq. st. ml.) combined with a small number of bay mouth passages are the 
most attractive aspects. Water depths as deep as 280 to 300 feet will be 
encountered across some of these passages. Till deposits which are 
desirable materials for the impervious core of rock dame and dikes do not 
appear readily available in the region, and these materials will need to be 
imported in large quantities for construction. The bottom sediment in the 
various passages do not appear desirable for foundations and the projects 
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Nawe 


Intecnatlonal 

(M-l) 

International 

(M-2) 


Treat Island 
(H-3) 


Cooper Island 
(H-4) 


Indian Bes. 
(M-5) 


Seward Heck 
(H-6) 


TABLE 1 

SUMMARY OF PASSAHAQUODDT/COBSCOOK REGION 
TIDAL POWER PROJECTS UNDER CONSIDERATION AS OF JUNE 1976 


Plant 

Does. 

Area 

Tidal 

Estd * 

Animal 

Remarks 

Capacity 

Sq. St. 

Range 

Cost 

Output 




Mi 

Ft. 

$ in 

KHBR x 






Hill. 

106 


500 m 

2-pool 

100*40 

18 

1800 

1930 

Seven wiles of dan tu»d 


sing effect 





four navigation 
locks; 70 sivice 

1000 mt 

2-pool 

100*40 

18 

2900 

2100 

gates and one or 


sing effect 





two power booses 
of 500m each with 

40 sloping shaft 
turbines of 12.5m 
each. 

180m 

1-pool 
sing effect 

34 

18 

490 

680 

18-horir. bulb 
units of 10m 






seven thousand 







feet of daws - 







wax. water depth 







100*. 

180m 

1-pool 
sing effect 

30 

18 

440 

SZ 

18-boriz. bulb 
units of 10m 

3 thousand feet of 
dan in water to 

140*. 

5m 

1-pool 

1 

7 

7 

— 

One daw 1140* 


doub. eff. 





long req'd various 
sizes of single 
unit turbines. 

75m 

2-pool 7 

75 

7 

7 

— 

Refer to studies 


wade in 1936. 



TABLE 1 (Continued) 


Nane 

Plant 

Capacity 

Taje 

Area 

Sq. St. 

Mi. 

Tidal 

Range 

Ft. 

Estd * 
Cost 
$ la 

Mill. 

Arnmai 
Output 
RHHR x 
10 6 

Remarks 

La Ranee (for 
Gouparisoa) 

240aw 

1-pool 

2x effect 

10 

40 

200 

(1967) 

540 

24x10 aw bulb 
turbines Tide Range 


* inclusive of transmission line and interest during construction. 

Sources : Uayoe's Report to EROA March 1977, Vol. I Tables 10-1; 14-1 and 14-2. 


GOB Report of 29 April 1977 pp. 13 - 16; pp 31 - 35 
For M-l and M-2 see Illustration Plate 5 00B Report 




have been designed around eha construction of major powerhouse and 
sluicegate atructuraa in eha dry, bahlnd cofferdams, thus precluding eha 
poaalbla cote savings resulting £ron eha uaa of prefabricated aeruceuras 
wnich would ba floacad in* 

Tha various projects liaead in table 1 would have a number of complex 
effaces wieh international, environmental, and soclolegal aspects* Within 
eha eidal basins ehemselvss eha undertaking of a smaller projace such as 
the 5 Mw Indian Reservation projace (M-3 Cable) would affected by eha 
future construction of the other larger projects* 

A discussion of problems and impacts of tidal projects for the 
Paseamaquoddy region is provided in section 6*2* 

While many apparently firm numbers are given for the capital costs, 
the duration and the operating costs of the projects summarized in Table I, 
it would be misleading to regard these as definitive figures* Neither of 
the sources of information discusses whether the estimates are conservative 
nor what percentage level of confidence the numbers should be regarded to 
have* The only detail of this kind provided is a 13 percent contingency 
allowance on contracted costs* 
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5*2 Other North American Sift 

Tha major ocher potential power raeoureas in North America are at Cook 
I nlet, Alaska In American Waters and at tha Bay of Pundy, In Canadian 
waters. 

The Cook Inlet region haa a favorable tidal range of 25 feet and a 
basin power potential estimated at 3,500 Mw. Project investigations are 
preliminary and are not supported by field investigations* 

Apert from the very low projected demand for electric power in Alaska 
which would make it impossible to absorb the output of s 3,500 Mw project, 
there are several critical site considerations which would add enormously 
to the costs of the project under assumption that present technology will 
be applied (sec* 4*3). The first of these considerations is the high 
seismicity of the region* The 1964 Alaskan earthquake, which had 
disastrous effects on the town of Anchorage and was responsible for 
numerous landslides and devastating local tidal surges, had its epicenter 
near Cook inlet. The contemplation of a tidal power project with 
conventional dammed basin and powerhouse technology would seem very 
hazardous* Alternative technology with current-driven turbines (Savonnius 
type) supported from structures similar to the oil-production platforms 
which presently operate in Cook inlet, if applicable, would seem worth 
investigating. Floating ice and the high rates of sediment movement in the 
upper end of Cook inlet also argue against the site* 

The Bay of Fundy with a tidal range of 30 feet has been the subject of 
several past studies under the sponsorship of the Canadian Government - 
funded Tidal Review Board* The latest study, entitled Reassessment of 
Fundy Tidal Power, dated November 1977, concludes that three sites in the 
upper Bay of Fundy have potential for producting tidal power economically 
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end justify additional detailed investigations. These three sites have the 
following projected capacities and in-service coats: 


Site 

Capacity Ave* 

Annual Output 

1990 Cost 


kw 

kWh million 

$C million 

Cobequid Bay 

3800 

12,650 

9,290 

Shepody Bay 

1550 

4,533 

? 

Cumberland Basin 

1085 

3,423 

3,120 


On the basis of these estimates the Canadian Government announced in 
March 197S the appropriation of 816*5 million to be matched with an equal 
amount by the local governments of New Brunswick and Nova Beotia provinces 
for making definitive studies of the most promising site, the Cumberland 
Basin, in preparation for a possible investment decision by 1981* 

The projected costs of Fundy tidal power are higher than for 
conventional fossil fuel systems and direct capital financing participation 
by the Governments or exportation to the United States would be needed to 
avoid placing undue financial burdens on the utility customers* 

If tidal current power were economically producible without the need 
to dam basins, it appears that a number of additional sites should receive 
attention in North America* 

5.3 Other Worldwide Sites 

A list of worldwide sites for potential tidal power projects is given 
by Wayne (2). Favorable basin and tidal range combinations occur in the 
United Kingdom (bevern River estuary), France (Chausey), Argentina, 
Northwest Australia and South Korea* It appears that a number of these 



site* have been investigated by the French, including their own Chausey 
site, in an attempt to expand tnis technology. The Chausey site itself, 
which includes a potential of 6,000 Mw to 12,000 Mw from a double-basin 
configuration with a total area of about 2200 square Kilometers, km 2 should 
offer much interest to France which is one of the developed countries most 
poorly endowed in energy resources. Preliminary estimates made in 1972 
describe total dam lengths of 65 km and a power station consisting of 200 
turbines of 30 Mw seen for a total investment of the order of $2 billion 
(Fr 7 billion). 

It would seem of interest as a possible future research effort to 
develop an estimate of renewable energy resources available worldwide from 
tidal currents to supplement our information on tidal basins. 



6. KEY PROBLEMS AMO IMPACTS 


6.1 Environmental 

While tidal power la now a well-proven technology as demonstrated at La 
Ranee, relatively little Information is available regarding its environmental 
and social impacts. While it appears that due consideration was given to 
these Impacts by EOF at the time of planning and construction, little has 
been published since construction. 

The following environmental Impacts at La Ranee could be investigated in 
more detail to assist the planning of any U.S. projectst 

i) long-term changes in circulation patterns within the damned 
basin which may have effects on the fauna and flora, 
li) possible differences in salt/fresh water mixing. 

Hi) effects on various organisms due to. change in tidal regime within 
the basin and whether these effects would be favorable or 
detrimental to such organisms as shellfish, and 
iv) changes in ecological characteristics of tidal marsh areas 
within the dammed basin which are submerged for greater 
periods of time. 

At La Ranee, two current vortices with Velocities large enough to be 
hazardous for small craft occur on either side of the sluice gates. This 
area has been closed off to navigation. It is not known whether these 
vortices are also associated with scouring of sea floor sediments. 

The social impacts due to the Influx of large numbers of construction 
personnel at La Ranee have not been documented. At Paaeamaguoddy in Maine 
where the population of the two largest towns. Eastport and Lubeck. are 2.000 
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each, Che International Tidal Project construction would require the 
accommodation of nearly 2000 more people for up to 7 years. 

Wayne's report provides a systematic and reasonably well detailed 
assessment of the social* cultural* and legal impacts of the projects both 
during construction and for the long term. Like La nance, some local 
economic benefits may be derived from tourism due to improved access along 
the dam causeways. Possible benefits may also arise from marlculture 
enterprises if they prove feasible or from Increases in the use of 
recreational pleasure craft within the basin. Little mention is made of the 
international legal problems resulting from a U.S. tidal project with 
possible repercussions on Canadian waters and shorelines. 

6.2 Technical 

At La Ranee the technical problems of operation* include corrosion* 
cathodic protection of the bulb units* cavitation of turbine blades, 
soundness of Joints and seals on shafting and associated releases of 
lubricants into the environment* noise and vibration during turbogenerator 
operation and accidents caused by foreign bodies passing through trashracks 
and entering in contact with turbine blades. These problems are all 
described in a paper by Andre (7). 

6.3 Economic 

Despite their attractiveness as a source of clean renewable energy, U.S. 
tidal power projects, as presently conceived* appear economically marginal 
unless they are justified solely for the replacement of fossil fuels. This 
is partly due to the lack of: 

i) major new concepts in construction or 
power generation technology, 

ii) the designs proposed do not appear to be. optimized for minimum 
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capital cost or power production hosts, 
iii) the economic evaluations do not include sensitivity analyses 

showing the variability in the assumptions. 
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Decenbre 1974 (27 pp and 25 fig*) 
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no.2 
no.3 
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Plata 05 COE* April 1977* p. n 
Vertical Axia Turbina* p. 20 
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Sloping Shaft Turbina* p. 23 
Kin-Type Straflo* p. 24 
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Enatgy From Salinity Gradients 

I. Introduction 

With osmosis, one can use a difference in salinity between two bodies 
of water to generate power. Natural osmosis is the diffusion of a solvent 
through a semi-permeable membrane to equalize the concentration on both 
sides. Living cells and organisms use osmosis to move body fluids. In 
biological processes the pure fluid moves through cell walls (membranes) 
toward less pure or more concentrated solutions. To do this the solvent 
flows against a pressure gradient and converts the potential chemical 
energy of mixing into a hydraulic head. The osmotic pressure head 
represents energy which could be used to produce power via a low head 
hydraulic turbine. 

Thus, where two bodies of water of different salinity mix together 
there exists a potential source of energy. If the pressures are equal on 
both sides, fresh (less saline) water will diffuse through the membrane 
diaphragm and dilute the brine (more saline). To stop the osmosis effect 
between seawater and freshwater, a pressure of roughly 22 atmospheres 
(about 320 Ib/sq.ih) must be imposed on the salt (seawater) side. This 
pressure is equivalent to that exerted by a column of water over 750 feet 
high. To reverse the flow of fresh water from salt water, a pressure in 
excess of 22 atmospheres must be placed on the salt side of the membrane. 
The latter process is called the reverse osmosis effect. 

The key to extracting power from salinity gradients is the utilization 
of water with differing salinity concentrations. Some examples are: 



-47- 


Location 

Solvent Source 

Solute Source 

KIVer estuaries 

Fresh river water 

Seawater 

Salt ponds and lakes 

turnoff, or saline 
ground water, or 
seawater 

Briny pond water 

Geothermal cavities 

Saline ground water 
or runoff or seawater 

Saline well water 

History 

Osmosis was first 

observed in 1748 by Abbe' 

Noliet. Pfeffer first 


uade direct measurements of osmotic pressure In the 19th century* and Van't 
Hoff used Pfoffer's results as a basis of a theory of solutions published 
in 1886, Early work in osmotic phenomenon concentrated on membranes 
permeable to water, but impermeable to a variety of higher molecular weight 
substances in colloidal suspension, and to alcohol, sugars, etc* The 
potential usefulness of reverse osmosis as a water desalination method was 
recognized in the early 1950's by the Office of Saline Water (OSW), U»S. 
Department of the Interior. In a program at the University of Californio, 
at Los Angelos, Loeb and Sourlrajan discovered techniques for the 
preparation of cellulose acetate membranes with high water permeability.^ 
Pattle suggests that consideration of obtaining useful work from 
salinity gradients extends back to 1939 when the first records appear which 
suggest the use of seawater and river water to generate power by the 
osmotic pressure differential or by the electrical potential difference. 9 
An apparatus was actually constructed and tested in 1954 which operated on 
the principle of the electrical potential difference. The maximum external 
power produced was 15 milliwatts, (mW) but no information was published 
concerning flow rates, efficiencies, or economic considerations. The 
method of obtaining electrical power output from mixing of fresh and 
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saltwater via ion-exchange membranes proposed by Pattle (1954) has been 
recently discussed by Welneteinhand Leita.l* An experimental reverse 
electrodlalysls (dlalytlc) battery with a peak output of .235 watts (W) was 
tested using a stack of 30 membranes* A schematic diagram of the dialysis 
battery Is shown on figure 2* Sodium ions (NA+) diffuse through cationic 
membranes and chloride Ions (Cl*) diffuse through anionic membranes. A 
stack of membrane pairs gives a total potential difference equal to the sum 
of the individual cell direct current potential* 

Levenspiel and deNevers suggested in 1974 that "in principle* but 
probably not in practice* freshwater can be extracted from our oceans for 
no expenditure of energy M * 10 H He suggested that a pipe with an osmotic 
membrane on the end* extended to a depth of about 5 miles would conceivably 
develop a pressure difference sufficient to lift the freshwater above the 
ocean surface* After allowing for responses to his proposal* Levensplel 
was then convinced that water in the pipe would not rise beyond the 
critical depth of about 700 feet. If the freshwater in the pipe were to 
rise higher* one could construct a perpetual motion machine for producing 
power hydraulically* This would violate the principles of the second law 
of thermodynamics* Refer to Figure 3 for a diagram of the osmotic seawater 
pump* 

Recent proposals to use an osmotic pressure differential to generate 
power were published in 1973 by Jellinekl^ and Loebl^* Wicks and Isaacs^ 
have puolished a summary of potential methods for generating power from 
salinity gradients* The osmotic pressure head between freshwater and 
Seawater is approximately 240 m (787 ft*)* 

Other highly saline bodies of water such as the Dead Sea* the Great 
Salt Laxe, and salt marshes could be used to produce energy from salinity 




sea water 
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gradients. The average salinity of the oceans is about 3*5 percent, but 
the Dead Sea has a salinity of over 2b percent* which represents an osmotic 
pressure head of over 5*000 m (16*400 ft*) at the mouth of the Jordon 
River. Large quantities of water with this high salinity (near saturation) 
could be obtained by mixing seawater with the vast deposits of dry salts on 
land. In 1975, Loeb and his associates constructed and tested a system 
called Pressure-Retarded Osmosis or PRO. Seawater was used as the 
permeate-donor* thus the donor solution had low osmotic and hydraulic 
pressures* The permeate-receiver, having high osmotic and hydraulic 
pressures, was a concentrated brine derived from a mixture of the permeate 
with either Dead Sea brine or solid salt. Short-term tests were carried 
out in small hollow fiber perciestors manufactured by DuPont Corporation* 
Type B-10 Perinasep aromatic polyamide polymer. 



H. Resource Potential 

Potential power production from salinity gradients plants have been 
assessed by the Department of Energy.Currently, there are several plant 
concept options which will require development of hardware technology prior 
to design and siting of plants to tap these energy sources. Salinity 
gradient energy converters provide mechanical or electrical power by mixing 
a low salt concentration solution with a high salt concentration solution. 
Both open and dosed cycle systems can be used. Closed cycle systems 
require evaporation ponds which re*concentrate the brine, i.e. make it more 
saline. 

Other potential sources of "fresh water" for salinity power systems 
exist if membranes could tolerate total dissolved solids (IDS) of up to 
35,000 parts per million (PPM) (3 1/2 percent) on the bore side. Seawater 
or wastewater presently pumped into the ocean could be used directly in an 
open cycle power system located in coastal areas. Salt sources would have 
to come from salt domes or mines. Salt pans could be created with an 
evaporation pond and used in a closed cycle system with this plant concept. 
Fresh Water Runoff 

An estimate of the potential power available from major freshwater 
runoff sources of salinity gradients is shown on figure 4, (Wicks, 1976). 

To place this in perspective, the projected U.S. energy consumption for the 
year 2000 is about 6 x 10* 1 watts. Note that the table does not include 
the potential for producting power by mixing seawater With salt marshes or 
other major salt deposits. 

The distribution and prdjected consumption of water resources is a 
critical problem when considering fresh water runoff supplies. Although 



FIGURE 4 


Potential Power Prom Inland Water Sources 


Freshwater Runoff Sources 


Source 

Flow Rate 
(meters/sec) 

Osmotic Pressure 
(atmospheres) 


Power 

(watts) 

Global run-off 

1.1 x 10 6 

24 

2.6 

x l'Oj 2 

USA run-off 

5.3 x 10* 

24 

1.3 

x 10j| 
x 10 11 

Amazon River 
(Brazil) 

2 x 103 

24 

4.7 

La Plata-Parana River 
(Argentina) 

8 x 10 4 

24 

1.9 

x 10*1 

Congo River 
(Congo/Angola) 

5.7 x 10 4 

24 

1.3 

x 10 11 

Yangtze River 
(China) 

2.2 x 10 4 

24 

5.2 

x 10 10 

Ganges River 
(Bangladesh) 

2 x 10 4 

24 

4.7 

x 10 10 

Mississippi River 
(USA) 

Highly Saline Water Sources 

1.8 x 10 4 

24 

4.2 

x 10 10 

Salt Lake 
(USA) 

1.25 x 10 2 

300 

5.6 

x 10 9 

Dead Sea 
(Israel/Jordon) 

38 

300 

1.8 

x 10 9 

USA waste water 

500 

22.5 1.1 

(Source-Wicks * 

x 10 9 

1976) 
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mean annual runoff for che conterminous United States of 1,200 billions of 
gallons per day (bgd) is considerably higher than currently used water' 
resources for consumptive uses and total withdrawals. Figure 5 illustrates 
that 19d0 consumption is projected at 105 bgd and total withdrawals are M3 
bgd. However, between I960 and the year 2000, consumptive use will 
increase 50 percent to 157 bgd. Total withdrawals cay outstrip consucptive 
use. Withdrawal uses are largely for domestic, industrial, powcrplant, and 
agricultural purposes. These uses then would bo high priority competitor 
for freshwater resources in future years. 

Estuarine Oceanography 

The use of large freshwater flows in salinity gradient powerplants 
will require gathering river runoff at or near the mouths of rivers. Fresh 
water runoff mixes with seawater in semienclosed coastal bodies of water 
which are open to the sea at one end. The essential function of a estuary 
is the mixing of seawater with freshwater from land drainage. This process 
involves a variety of vertical and horizontal mixing with salinity ranging 
from near zero at the head to approximately 30 percent at the mouth.^ 

Water movement in estuaries results from tidal flows, river flows, and 
wind. The distribution of salinity is important to life processes and 
productivity of the estuaries. Estuaries are threatened by pollution, 
waste disposal, and heavy silting from Improper management of residential 
and commercial development. Considering the intensity with which issues of 
land use around estuaries are contested, there is little chance of 
acceptance by environmental interests of diversions of large parts of the 
river inflow into dammed containment areas which prevent natural mixing 
processes. River inflow and land drainage are the primary sources of 
mutrients for production of plantlife. Stirring motions Induced by wind 
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FIGURE 5 

ESTIMATED WATER USE AND PROJECTED REQUIREMENTS» UNITED STATES 

(Million gallons dally) 

Used Prelected Requirements Used Projected Requirewents 


Type of Use 

1965 

1980 

2000 

2020 

1965 

1980 

2000 

2020 



Withdrawals 



Consumptive Use 


Rural domestic 

2*351 

2,474 

2,852 

3,334 

1,636 

1,792 

2,102 

2,481 

Municipal 

(public-supplied) 

23,745 

33,596 

50,724 

74,256 

5,244 

10,581 

16,478 

24,643 

Industrial 

(self-supplied) 

46,405 

75,026 

127,365 

210,767 

3,764 

6,126 

10,011 

15,619 

Steam-electric power: 









Fresh 

62,738 

133,963 

259,208 

410,553 

659 

1,685 

4,552 

8,002 

Saline 

21,800 

59,340 

211,240 

503,540 

157 

498 

2,022 

5,181 

Agriculture: 









Irrigation 

110,852 

135,852 

149,824 

160,978 

64,696 

81,559 

89,964 

96,919 

Livestock 

1,726 

2,375 

3,397 

4,660 

_L£26 

2,177 

_M77 

4,238 

TOTAL 

269,617 

442,626 

804,610 

1,368,088 

77,782 

104,418 

128,206 

157,085 


Source: Intertechnology/Solar Coro. 



and tidal movements, as wall aa shallow depth, are factors which promote 
photosynthesis in the surface layers* Diversions of a large percentage of 
river inflow would certainly upset the salinity distribution and biological 
productivity of the estuary*** 

For these reasons, it is unlikely that river water runoff in and near 
ocean estuaries can be considered as the freshwater solute for salinity 
gradient power plants. The loss of productivity in major river estuaries, 
and the risk of destroying spawning areas for coastal fish populations will 
effectively eliminate this option for salinity powers* However, another 
possibility discussed by Loeb** was to look for geographical areas of the 
country in which have surplus freshwater runoff and use the resource 
locally in small plants* These sites would have to be matched with a 
source of salt and most likely use a cloned cycle system to conserve 
resources. Proper evaporation ratios generally require sitings in regions 
in which annual rainfall is less than 40 inches per year* Local supply 
surplus or shortages will exist within various water regions* Loeb 
concludes that it is not possible to "make a broad generalisation" 
regarding the availability of runoff water as a large-scale resource* 
Availability of a surplus would strictly be a localised situation. The 
resource is thus disbursed geographically and must be used where it is 
found. This will limit the si 2 e and number of salinity power cycles using 
runoff water to local communities where a surplus supply exists and the 
water cannot be economically piped to deficit regions. 

Brine Groundwater and Solar Evaporation Ponds 

A recent Department of Energy (DOE) resource assessment concluded that 
if membranes could be developeo which tolerate dilute brine with (TDS) of 
35,000 ppm on the bore side, then significant areas of the country could be 




58- 


considered for developing local salinity power stations. Portions of New 
.lexico, Texas, Utah, Colorado, Arizona, Kansas, Oklahoma, and California 
have plenty of saline water, IDS 1000 ppm at ground level or within 500 
foot depth. This water could be used as the "fresh water" for the salinity 
powerplant in a closed cycle system. 

A second factor is that most of the above land areas are in regions 
where the net evaporation rate is in 40 inches per year or more. For 
recycling salt or concentrating briny solutions, a pond located in an area 
with a high net evaporation rate is essential. These regions are limited 
to the Southwestern States: west Texas., Oklahoma ahd Nebraska, New Mexico, 
Arizona, Nevada and Southern California. 

The high cost of brine disposal and salt leads to the recommendation 
that salt be recycled by using solar evaporation ponds to concentrate the 
mixed brine into a higher salinity solution. The cost and yield per unit 
area of solar evaporation ponds depends upon the net evaporation rate; that 
is, total evaporation minus precipitation. These are generally the same 
regions of the conterminous United States, the South and Southwest, which 
have the highest mean dally insolation. 

Resources required which have the largest effeet on selection of 
salinity gradient system sites are: salt concentration and extent of salt 
resource, volume of solvent and solute fluids, and land requirements. In 
addition, when the system is closed cycle and an evaporation pond is 
required to reconstitute the high salinity brine, the net evaporation rate 
must be low. Low precipitation generally accompanies high net evaporation 
rates. Since it would be difficult to find regions with high evaporation 
rates and high precipitation simultaneously, salinity gradient systems 
Using a closed cycle and evaporation pond to concentrate the brine will not 



likely have a contigious fresh water source* 

Potential Locations 

The three main factors influencing the selection of suitable sites for 
water-salt systems are salt, water, atul net evaporation rate (for a recycle 
system). Other factors which are also important in the specific location 
of such a system include topography and cost of land for evaporation ponds, 
energy demand, population density, and distance to the nearest railroad, 
paved road, and other generally inportanc factors in locating a powerplant. 
Due to opposing requirements, a suitable location for a system using 
freshwater and an evaporation pond would be difficult to find unless the 
system is situated near a large river with plenty of surplus water. 

However, the problem is not as difficult for systems which use brackish 
water or seawater. 

Solid salt and brine groundwater (TDS concentration 3.5 percent) 
resources are located mainly in the South-central and Northeast portions of 
the U.S. Areas of natural freshwater surplus, solid salt, and brine 
groundwater resources are shown in figure 6. It is apparent that the 
Sastern half of the United States along with some regions in the Northwest 
and a few isolated locations in Colorado, Wyoming, and Idaho are more 
appropriate from the point of view of an adequate freshwater supply. 

From the combined resource data on salt, water, and insolation DOE 
concludes • . it appears at first sight that the Gulf Coast region 
(portions of Texas, Louisiana, Mississippi, Alabama, and Florida, along 
with some parts of western Colorado containing salt domes and/or subsurface 
rock salt) would be ideal for an Oxygen at High Pressure (OHP) system, 
however, since most of western Colorado is mountainous, an OHP system 
requiring flat land for evaporation ponds may not be feasible there. 
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U.S. Solid Salt Resources 


Areas of Natural Water 

Surplus 
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Secondly, Although the Culf Coast area is good for availability of salt, 
insolation, and water, the net evaporation rate in this region is rather 
low or even negative because of very high annual total precipitation* From 
these considerations, the future of salinity systems using freshwater does 
not look very encouraging for the United States*" 

However, the situation is not so bleak in the event that improved 
membranes are developed which nan tolerate dilute brine (TDS 35,000 ppa) on 
the bore side without any appreciable performance deterioration* 

Significant portions of New Mexico, Texas, Utah, and Colorado and some 
portions of Arizona, Kansas, Okalahoma, and California have plenty of 
saline groundwater. (TDS 1,000 ppa or greater) either at ground level or 
within 500 ft* which could be used as "fresh" water for water-salt OHP 
systems* Moreover, if improved membranes could operate successfully for 
extended periods of time with seawater on the bore side, then the abundant 
supply of salt in the Gulf Coast region can be used in conjunction with 
seawater or the saline groundwater in that area to produce power. In this 
case, the system would be designed on a once-through basis* The mixed 
brine from the hydroturbine would discharge into the ocean* 

Salt Resources 

Salt is available in abundant quantity in this country. The current 
estimate of available salt reserves in the United States is 61 trillion 
tons* U»S* production in 1976 amounted to only 3*8 million tons* 

In the United States, solid salt deposits occur in four major salt 
basins, which underlie 18 States* 

Salt occurs in five geological forms: lake water, groundwater, playa 


salts, bedded deposits, and flowage. The Great Salt Lake of Utah is an 
example of lake-water salt where the lake level has sunk below its outlets 



Solar evaporation haa concentrated the water to the point of saturation. 
Groundwater salt will have varying mineral content. Playa salts occur on 
the floor of a desert basin which are occasionally covered with a shallow 
lake. koctc salt mining generally occurs in bedded deposits formed by 
ancient seas. 

Salt domes are formed by geologic pressures forcing bedded salt 
deposits to be extruded into vertical intrusions. While the diameter Of 
these domes varies from less than 1 mile to more than 4 miles, the depths 
are variable. Depths of less than 4,000 feet are considered shallow and in 
ohe Instance, a dome was drilled down to 20,000 feet without revealing the 
bottom. 

Saline groundwater, defined by the U.S. Geological Survey as 
containing at least 1,000 ppm dissolved solids, underlies two-thirds of the 
continental United States. It is estimated that as much as 40,000 cubic 
miles of saline water is in storage in the United States. Freshwater 
overlies saline water in most areas of the country. Naturally occurring 
brine water (35,000 ppm) occurs in only a few places. 

Like most industrial bulk chemicals, salt production is very 
cost-sensitive. It is only produced in areas where it is readily 
available, has minimal transportation costs, and has a ready market. 

Figure 7 lists, in order of quantities produced, 197b production figures 
and cost per ton from alternative sources* 6 . 



FIGURE 7 


1976 SALT PRODUCTION AND COST IN THE U.S. 


Thousand Tons 

Louisiana 

13*491 

Texas 

9,718 

New York 

6*495 

Ohio 

5,052 

Michigan 

4*219 

Kansas 

1*310 (Rock salt only) 

Vest Virginia 

1*118 

Utah 

703 

Other 8tates* 

2.083 

TOTAL 

44,1^1 


Increase over 
Cost Per Ton* 1973 


Evaporated Salt: 


Open Pan 

$51.67 

20% 

Vacuum Pan 

50.56 

18% 

Solar 

14.38 

20% 

Pressed Block 

45.51 

10% 

Rock Salt 

7.82 

7% 

Salt in Brine 

3.80 

1% 


*f.o.b. works 


Source:DOE 



III. Principles of Energy Extraction 


As stated* two solutions of different salinity are separated by a 
semipermeable membrane* the solution with the lower salinity will flow 
naturally through the membrane into the solution with the higher salinity* 
seeking to achieve thermodynamic equilibrium. This osmotic flow can be 
stopped if the hydraulic pressure is Increased on the high salinity side 
either by pumping or allowing the level of the solution to rise with respect 
to the low salinity side. The hydraulic pressure required to stop the 
osmotic flow and maintain osmotic equilibrium is the difference between the 
osmotic pressures. This pressure is solely dependent on the salinity 
characteristics of the two solutions, and is not affected by the membrane. 
(Flow rate and salt rejection are affected by the membrane.) At any greater 
pressure differential the flow is reversed* and is called reverse osmosis 
(RO). This is the principle of the reverse osmosis process for desalination 
of brackish water or seawater. At any weaker pressure differential the flow 
is to the side with the higher salinity* at a rate that is dependent on the 
applied differential pressure* and the characteristics of the membrane. 

This condition, where the osmotic flow is against the hydraulic pressure 
differential (uphill from a hydraulic energy viewpoint), has been termed 
pressure-retarded osmosis (PRO) (Loeb, 197b).^ 

Determinations of osmotic pressure are made experimentally. The 
reversible work done is the product of the pressure difference across the 
membrane and the volume of water passed through the membrane. 
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FlguroS —Osmotic Process Pmturt and Flux 


PRESSURE- RETARDED 
OSMOSIS OSMOSIS 



(A) (8) 


SOURCE: 0* pw t w »i t olEp»gy. 
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Figure 9 — Osmotic Pressure of Sodium Chloride Salt Solutions 
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Keverse Osmosis 

In 1975i Che capacity of exiating RO desalination plants exceeded 44 
million gallons per day. Other very large plants should come on line in the 
near future. Saudi Arabia has recently purchased a 31 million gallon per 
day plant from U.S. industry, and the U.S. Government has plans to build a 
100 million gallon per day plant on the lower Colorado Kiver which would 
convert oracxish water into freshwater. This activity indicates that Che 
technology is well developed and that there is ample incentive for general 
technical improvements in semiperroeable membranes which are designed for 
maximum salt rejection at the highest potsible flux. The typical cost for 
converting seawater into fresh water in a new large-scale KO plant ranges 
from $0.50 per 1,000 gallons to $1.25 per 1,000 gallons including Che costs 
for electricity and pretreatment of the seawater. 

Bernard and Fowler demonstrated in 1933 that about one-half the 
molecules in liquid water are in clusters which have a structure similar to 
ice crystals. In each molecular duster, the oxygen atom is placed so that 
it occupies the vertex of a tetrahedron and a hydrogen bond connects each 
pair of water molecules. In liquid water the icelike clusters only include 
a few molecules each and are constantly forming and disintegrating. 

water fills the pores of a reverse osmosis membrane where, it can be 
assumed, that liquid molecule clusters taxe on this icelike configuration. 
When pressure is applied across the membrane, molecules join the icelike 
configuration shown on figure 10 at the concentrate side of the membrane and 
melt away at the ocher side. There is an effective flux of water on the 
other side if the pressure is high enough. All molecules and particles 
ocher than wacer are rejected, both those that are physically too large to 
fit through the pores, but also small molecules that cannot conform to the 



iceline structure. Ions in particular are surrounded in solution by water 
molecules alined to shield the ionic change, and they cannot therefore fit 
into the iceliKe matrix. The few exceptions to this pattern are substances 
which have both physically small molecular size and are capable of hydrogen 
bonding with water. Methanol and urea are two such substances; they can 
penetrate not only reverse osmosis membranes but also ordinary ice. 

Membrane Technology 

Although the concept of reverse osmosis has been known for almost 8 
century, the technology has been difficult to put into use. The 
permeability of tight membranes had been too low to allow flow rates in 
sufficient quantity to allow developing commercial processes. 

Water flux of membranes is inversely proportional to their thlcxness. 
Producing thinner membranes required using casting techniques. In 1960, 
bidney Loeb of the University of California at Los Angeles discovered a 
casting method for practical reverse osmosis membranes. RO membranes 
consist of an extremely thin film of tight, coherent polymer over a thicker 
layer of porous material. They withstand the high pressures required but 
have skins only about 1 percent of the thickness of ultrafiltration 
membranes, and the flux is about 100 times greater. 

Commercial applications of membranes have increased dramatically as our 
freshwater supplies continue to be pressed. Membrane processes centered 
around water treatment, specifically RO and electrodialysis (ED), both use 
seaipermeable membranes to achieve separation. Other processes, less 
commercially important, include ultrafiltration for removal of suspended and 
colloidal particles, dialysis, hemodialysis, oxygenation of blood, gas 
separations, and oxygen enrichment. 

The reverse osmosis process purifies feedwater by applying high 
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pressure to force pore water through a membrane. Reverse osmosis is the 
most important process commercially* There are two principal membrane 
configurations. Cellulose acetate membranes such as those developed by Gulf 
Environmental Systems (now Fluid Systems Division of UOP, Inc.) are cast as 
flat sheets and then wound into a special wound module* Polyamide 
membranes are produced in the form of hollow fibers. Both Dupont and Dow 
have commercial versions. The hollow fibers are between 25 and 250 microns 
in diameter and have a wall thickness in the order of 5 to 50 microns. The 
fibers are assembled into bundles* Lansdale has provided a comparison of 
the advantages and disadvantages of each type (See figure 11). Polyamide 
hollow fiber membranes are an order of magnitude cheaper than the near 
competitor but do not have equal flux rates and are very susceptible to 
fouling. Also, they arc sensitive to free chlorine in water. The small 
concentrations of chlorine in most-municipal water supplies deteriorates 
these membranes. 

Polarization 

Internal polarization effectively diminishes the water permeation flow 
rate of membranes. The porous substructure of the membrane effectively 
consitutes a boundry layer. This problem is most serious when the solute on 
the bore side of the membrane contains an appreciable osmotic pressure. 

Such is the case when seawater is used as the solute instead of freshwater. 
Figure 12 illustrates a K0 membrane. A mixture of salt and water is shown 
on one side of the osmotic barrier with pure water solute on the other. In 
kO. pressure forces pure water through three distinguishable flow regions. 
The first is a boundry layer in which mixing is not complete and a 
concentration gradient exists. Next, a clear distinction is made between 
the diffusion and viscous flow regions. The former is where the salt and 



Figure 1.1—Comparison of Msmbrans Configurations 


System 

Advantages 

Disadvantages 

Tubular 

1) fouling not a problem 

2) IndivtduartUbes can be 
replaced 

3) low parasitic pressure losses 

1) very axpenslve (SI 0-20/ft‘) 

2) low packing density (SO ftVft*) 

Spiral wound 

1) good packing density 
(300 MM 

2) low parasitic pressure losses 

1) susceptible to fouling 

2) theoretical membrane 
rejection not attained 

3) relatively expensive ($3/ft*) 

Hollow fiber 

«Ann«ile. Ain.A _-_ 

1) very inexpensive (30*40c/ft*) 

2) moderate parasitic pressure 
lossess 

3) very high packing density 
(3,000 MM 

1) extremely susceptible to 
fouling 

2) membrane flux never equals 
that of tubes or spiral wound 
modules 
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water separation takes place and the latter represents the Clow resistance 
oC the banning material which supports the diffusion barrier. In the case 
of PjRO and other poorly selective membranes, the situation can become 
somewhat more complicated than this simple schematic illustrates, however, 
Merten summarizes by concluding that the existence of botfttdry layers leads 
to changes in flow behavior in KO membranes occurs for three reasons: 
first, salt flux is affected because the effective concentration difference 
across the diffusion barrier is greater than the two external solutions; 
second, water flux is reduced because the Increased salt concentration at 
the boundry effectively Increases the osmotic pressure head; and third, a 
limitation of flow will be encountered when the concentration of the 
dissolved salts at the membrane surface exceed the saturation value at the 
membrane surface and precipitation occurs which limits the flow of water. 
These same or similar effects will occur when a salt solution is used on the 
solute side of the membrane in PRO processes. The porous substructure 
constitutes a boundry layer which effectively diminishes water permeation. 
Loeb has observed an exponential decrease in water flux with increasing 
osmotic pressure on the solvent side of test permeators. 



IV. Candidate Systems 


The development of candidate systems Cor the production oC power from 
salinity gradients had not progressed Car enough to provide an accurate 
assessment oC system types and conCigurations. however, general 
considerations can be presented which point to one concept which may be 
promising iC the salinity gradient is very large. We will Cirst discuss the 
alternatives concepts and their relative disadvantages. 

Dialytic Battery 

Other approaches Cor using salinity gradients Cor power production have 
been proposed, but none oC these schemes appears to have slgniCicant merit 
compared to hydroelectric concepts when technical problems, available 
energy, and cost diCCerences oC inherent materials arc considered. The most 
promising oC these alternatives approaches would use the electrical 
potential created between solutions oC diCCeront salinity separated by 
membranes to generate electricity as Shown in Cigure 13. One major 
technical problem associated with this approach is that the distance between 
the membranes must be very small to minimize the internal electrical 
resistance. This requirement unfortunately increases flow resistance, and 
this ih turn increases the pumping power required to maintain a reasonable 
flow rate. It ha6 not yet been determined whether this increased power 
drain would leave significant net energy output. In any case, for the same 
volume of input waters, the ideal power output for this approach is many 
times smaller than using the osmotic pressure difference to generate power. 
Also, many times more membrane area would be required for this approacn. 
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Figure 12—A Dialytie Battary 



The letters e, o, end e denote electrode, cation exchange 
membrane, end anion exchange membrane, respectively; 
ftj. Is the load resistance. In practice a stack would In¬ 
corporate a large number of membranes. 


SOUBCfc University Ol Delaware. 
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Hydroelectric Salinity Power Plants 

The most often proposed concept for energy conversion would use the 
osmotic pressure head to drive tUrbihes which Would produce electrical power 
in the same manner as the production of power from existing hydroelectric 
systems. This technology is well developed, and Che conversion efficiency 
of a hydroturblne-electric generator system is about 90 percent. If 
seawater were used in a salinity gradient power system the power would 
likely be generated in coastal zones. These zones are generally the most 
heavily populated and as such the electricity produced could be tied 
directly into existing power supply grids. 

The most direct scheme for producing power from salinity differences 
between freshwater and seawater is to dam the mouth of a river as shown in 
figure 14. The river water would flow through a hydroelectric turbine into 
e reservoir at a level which is more than 100 m (328 ft) below sea level. 

The river water then discharges into the seawater through the semipermeable 
membrane. The difference in water level is maintained by the osmotic 
pressure, as explained in the preceding paragraph. The concerns that 
immediately come to mind are the high costs of the two dams, the excavated 
reservoir, and the membrane system; the vulnerability of the membrane system 
to damage in the hostile ocean environment; end perhaps most importantly, 
the environmental consequences of esthetics, siltation, blocked navigation, 
and destruction of the gradual estuarine process of the mixing of seawater 
and freshwater. 

At this stage of membrane development, the utilization of freshwater 
and seawater to produce power from the osmotic pressure differential is not 
economically feasible. This is evident from the costs associated with 
existing reverse osmosis systems. The production of freshwater by KO 
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involves essentially the sane type and scale of equipment as that required 
to generate power by the approach shown in figure 14 (minus tne 
hydroelectric generator). Using KO systems , seawater requires 2.7 kWh/1,000 
gallons^of fresh water for producing potable water, assuming the price of 
electricity is 50 mills ($0.5/kWh) produced from conventional commercial 
utilities* the relative value of the water produced by reversing the kU 
cycle in a salinity gradient plant would be: 

2.7 kWh x $0.3 - $.14/1,000 gal 

1,000 gal kWh 

This value will be even lower when practical considerations such as water 
treatment and attainable membrane flux rates are considered. Thus the value 
of the power produced from a seawater/freshwater salinity power plant would 
be nowhere near the current cost of production which can exceed $1.25/1,000 
gal in the very largest plants. When practical considerations such as water 
treatment and membrane conversion efficiencies are considered, the 
additional cost of salinity power production above ilO filtration systems 
will greatly exceed the current $1.25/1,000 gal. This analysis, though, 
also Indicates that highly saline salt sources, essentially at the 
solubility limit, have the potential of becoming cost competitive but no 
membranes exist at the present time which work without degraded performance. 
The power available from nixing concentrated brine with seawater is 35 
kWh/1,000 gal of seawater. Thus at electricity cost of $.05/kWh, the value 
of water from a PUO salinity gradient plant is: 

35 kWh x $.05 *$1.75/1,000 gal 

1,000 gal kWh 

Pressure Retarded Osmosis System 

Another approach which can eliminate some of these concerns and utilize 



























Figure ■ 1*■—'“Pressure Retarded Osmosis” Schematic Diagram 
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highly saline water is shown in figure 15. In this case, the pressure 
differential between the freshwater and the seawater is maintained in a 
pressure vessel with pumps, rather than by a dam. The pumps are powered 
directly by the nydroturbine. The freshwater flows through the 
6enipermeable membrane from the low pressure to the high pressure side, 
actual power production is decreased by the conversion efficiencies of 
hydroelectric turbine ( 9U percent) and the pumps ( SO percenc), and the 
friction loss in the piping apd pressure chamber ( 2 percent). Note that 

the feed waters to this system need not be fresh water and seawater, but 
there must be a salinity difference between the two feed waters. The costs 
for the two dams and the excavated reservoir are eliminated witn this 
approacn. The additional costs of pumping, pipes, and a pressure vessel 
should be minimal by comparison. The costs of the membrane remain similar, 
but the vulnerability of the system to the ocean environment is eliminated. 
Finally, the environmental concerns of esthetics, river slltation, 
navigation, and effect on the biota are minimized if only a portion of the 
river water or a small stream is used for power production and the system 
discharge locations are carefully selected. 

Although there appears to be little promise for the economical 
generation of power from the salinity gradient between freshwater and 
seawater, there may be promise for condition where the salinity gradient is 
much larger, such as where the Jordan River flows into the Dead Sea. An 
analysis and preliminary PRO experiments for a 100 MU plant at the mouth of 
the Jordon River indicate that power could be produced from the salinity 
gradient at this site at a cost of $0.072/xWh (Loeb, 197u). The following 
assumptions were made for the plant, which would operate as shown in figure 
lb. 



Psrmeate-receiverskJe 
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a. The plane would use existing HO desalination technology, with 
hollow fiber membranes producing a flux of 0.U4 n 2 /ra 2 day (1 gal/ft 2 day). 
The cost of the fixed components of the plant would be $100/n3 ($379/100 
gal) of permeate processed each day; which, to account for possible 
Increased costs to accomodate suitable PkO membranes, is more than the 
typical cost of $75/m 3 ($2&4/l,OOU gal) for an KO plant. 

o. The cost for the seoiiperaeable membrane assemblies would be $75/m 3 
($2b4/100 gal) of permeate processed each day (or $3.00/a 2 of raemorane); and 
the effective membrane life would be 3 years, with the flux 



throughout the 3 years averaging $5 percent of the flux determined in tne 
short-term experiments. 

c. The hydroturbine and generator would cost $125/kW of plant 
capacity. 

d. The cost for diverting a portion of the flow of the Jordan River 
and a feed pipe from the Deaa Sea would be $250 /kw' of plant capacity, 
including associated piping systems. 

e. The required labor force of 20 persons/shift and three shifts per 
day would cost $0.001/kWh at an average annual cost of $15,000 per person 

f. The pretreatnent costs for the Jordan River permeate would be 
$0.01/m3 ($0,038/1000 gal) 

g. The plant is run at an osmotic pressure difference of 75 
atmospheres (1100 lb/in2). The Jordan River permeate is mixed with the Dead 
Sea brine and recirculated as necessary to maintain the salinity gradient 
which will produce the osmotic pressure difference of 75 atm. (This 
salinity gradient is not exceeded to avoid the possibility of damaging the 
membranes.) The ratio of the volume of brine mixture to the volume of the 
Jordon River permeate is 1/1 at this rate of recirculation. 

h. The efficiencies of the pumps, hydroturbine, and generator are 9u 
92, and Vb percent, respectively. 

i. The amortization of the fixed components in the PRO system would 
be at o percent per annum. 

It should be noted that this analysis is based on few short-duration 
experiments with M ninipermeators M containng asymmetric DuPont Permasep 3-10 
hollow fibers, which is a semipermeable membrane currently used for seawater 
desalination. It was assumed that the results would be applicable to full 
scale modules. The internal diameter of the B-ll) fibers proved to be too 
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suall, requiring larger pressures chan aeslred on Che low salinity side of 
Che membrane in order co maintain suitable flow rates, but this should not 
be a problem if larger fibers are used. 

Although the cost of $0.072/kWh is more Chan double the cost of 
electricity from a coal-fired powerplant, dramatic improvements may be 
possible for salinity gradient powerplant with improvements in the 
semipermeable membrane. A brine such as that which exists at the bead Sea 
or Great Salt Lake will be required to produce the necessary salinity 
gradient. Another difficulty is that geographical areas with naturally 
occurring bodies of high salinity brine are usually deficient in the 
freshwater needed to provide the salinity gradient. However, it may be 
possible to use seawater or other brackish water as the low salinity 
permeate. It may even be feasible to create a renewable energy resource Dy 
using seawater in evaporating pbnds in a coastal area to produce the high 
salinity brines which would be mixed with the low salinity seawater 
permeate. 

Power Production From Solar Salt Ponds 

There are many coastal areas throughout the world where salt is 
produced commercially in a series of interconnected shallow ponds. The 
potential for producting the high salinity brine (27 percent salt by weight) 
for salinity gradient power generation in this manner is enormous. There 
are vast tracts of arid coastal land that currently serve no useful purpose. 
Even areas with relatively unfavorable climatic conditions can be used to 
produce brine using solar energy. The Leslie Sait Company, located at the 
southern end of the San Francisco bay, produces b x 10b kg (buu,UUO tons) 
of salt each year from a series of saitponds which cover an area of 5 x 
107 q 2 (12,oOO acres). As an intermediate step in this process. 
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approximately 2.3 x ldb m3 (6.2 x 10 6 gal) of brine at 27 percent salt by 
weight are produced each year from these ponds (Varghose, 1976). Using 
state-of-the-art technology in a system similar to that envisioned by Loeb 
(figure 7), each 4,047 o* (acre) of saltpond could produce about .0G5 k'we of 
electrical power continuously. This evaluation is based on using the solar 
energy available from evaporation under environmental conditions which are 
typical of the south San Francisco Bay area. 

note in figure 17 that once the saltponds are in operation, the output 
of the system is a brine at 15 percent salinity which is fed back into the 
saltponds in a closed loop. The net evaporation rate and selected flow 
rates and salinity gradient are such that the input to the saltponds is 
sufficient to provide the 1U00 acres (or any Unit area) with slightly more 
15 percent salinity brine (a lb percent surplus) than is needed for stable 
production of 27 percent salinity brine. This calculation considers changes 
in vapor pressure as salinity increases. 

A very important consideration is that the saltponds accumulate and 
store solar energy, and thus the system can produce power continuously at 
the maximum design rating if the 27 percent salinity reservoir is large 
enough to accomodate seasonal changes. The system as shown is not 
optimized, but was developed only to evaluate the feasibility of using solar 
saltponds as a source of power. The power output was calculated using 
Loeb*s analytical and experimental data; with corrections for the reduction 
in osmotic pressure due to the use of seawater as the permeate, and a 
decrease in overall mechanical efficiency due to the increased pumping 
requirements for the higher flushing solution flow rate. The pressure 
change across the membrane would be maintained at approximately one-half of 
the osmotic pressure gradient to produce maximum power output* 
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Flgure 17—Power Production From Solar Salt Pond 
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Compared co an existing arid coastal zone, the saltponds are very 
desirable in an environmental sense. These shallow (U.4-U.7 u) ponds create 
diatinctiy different biological regimes, each a general function of the 
salinity of the particular pond (Davis, 1V75). Marine organisms are 
prolific in all of the ponds with the animals and bacteria feeding on algae 
which grows as a result of the concentration of minerals and nutrients in 
the evaporating seawater. The area becomes a haven for large numbers of 
birds which feed on the organisms, particularly the brine shrimp and 
brine-fly larvae. Their droppings provide further nutrients for the growth 
of algae. An impervious mat of living and dead Organisms quickly forms on 
the bottoms of the ponds such that there is minimal leakage from the ponds. 
Thus only minor siteworx is required to create the ponds. 

Geothermal Wells and Salinity Power Production 

There may also be considerable potential for developing salinity 
gradient power systems in conjunction with high salinity geothermal 
resources. For example, the Kyland geothermal reservoir in the California 
Imperial Valley has a salinity of 20 percent. A pilot plant (thermal 
equivalent loop, without a turbine) tapping this reservoir nas demonstrated 
the near-term feasibility of producing approximately 500 raWe at a flow rate 
of A.7 ra^/sec (1244 gal/sec). Once again using the state-of-the-art system 
proposed by Loeb, an additional 40 mWe could be produced by using the 
salinity gradient between the geothermal fluid and the nearby Saiton 
Seawater, brine disposal problems could preclude the use of this energy 
resource, kelnjection wells will be used for disposal of the geothermal 
fluid from the Nyland reservoir, but use of this fluid in a salinity 
gradient power system would more than double brine disposal requirements. 

In coastal areas brine can likely be disposed of in the ocean, without 



significant environmental impact depending on the local ocean dynamics. 

V, Key Technical Problems 

In an evaluation of the subsystems and components which would comprise 
a salinity gradient powerplant, it becomes apparent that the semipermeable 
membrane presents major technical problems. In other respects the 
powerplant would draw upon well established technical capabilities wnich 
have little potential for marxed Improvement, the membrane, however, must 
have significant potential for improvement in terms of cost and performance; 
and at the same time is the major controlling factor in determining the 
power output of a plant operating with a specified salinity gradient. 

Recall that the power output is equal to the product of the pressure on the 
nigh salinity side of the membrane times the permeate flow rate (flux) 
through the membrane. Double the flux through the membrane and the power 
output of a given size plant is essentially doubled, thus membrane 
performance is the crucial consideration in evaluating the feasioility of 
salinity gradient power generation. 

Because the development of seraipermeable membranes has been aimed at 
improvements in reverse osmosis desalination plants, the major consideration 
has been the prevention of salt migration through the membranes. This has 
resulted in very low flux through the membrahe, typical of the B-lU membrane 
tested by Loeb. If membranes are used in salinity gradient power plants 
which permit a small amount of salt migration through the membrane (a 
condition whicn should not significantly affect the general salinity 
graoient), a flux of 10 to 100 times that now achieved may ba possible 
(Lonsdale, 197b). although the greatly improved flux appears feasible, 
there is virtually no experience with membranes of this type, and Loeb has 
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identlfled several potential difficulties concerning the long teru 
performance of the membranes. 

Thu type of semiporraeable membrane which would seem to have tlte most 
promise in this application has a porous substructure covered by a very thin 
stein, which is on the high salinity side of the membrane* It Is this skin 
which prevents the flow of salt through the membrane* and the entire 
pressure gradient occurs across this skin. For this reason there is concern 
that Salt migrating through the membrane may accumulate in the porous 
substructure and reduce the effective salinity gradient across the skin. 
Another problem is related to the presence of particulate matter in the low 
salinity solution as it passes through the membrane. Although flushing flow 
past the membrane alleviates tnis problem, the membrane will clog quicitly if 
much particulate natter is present. Thus, some type of water treatment will 
be retired. It is estimated that sand filter pretreatment costs for 
relatively clean seawater used as the low salinity permeate would be 3 to 5 
cents per cubic meter ($.11 - .19/1000 gal.) (Ghannabasappa, 1976). There 
are promising developments for RO semipermeable membranes which nay 
eliminate these difficulties. For example, colloidal material in seawater 
which clogs membranes has a positive charge, and experiments using a 
negatively charged membrane have repelled the colloids and prevented 
clogging. Recent estimates published by Loeb indicate that pretreatnent 
cost would be a significant portion of total production cost. They are: 

Brackish Water Seawater 

Bone Side $0.20 $0.24 

Shell Side 0.10 0.12 

Total $0.30/1000 gal $0.36/1000 gal 

Another major problem with respect to salinity powerplant membranes is 
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flu:c face arid the resulting impact on plant costa. This the most critical 
factor in determining the future potential for producing power from salinity 
gradients. Commercially available membranes such as the DuPont Permasep 
(d-lu), have been developed for reversed osmosis systems where the required 
near-total salt rejection results in low flux. However, Loeb has found that 
the aromatic polymide fibers in tne Permasep membrane are limited by. maximum 
allowable pressue and small bore size* Under department of energy 
contracts, he is currently looking for alternative membrane types which 
would be more compatible with salinity difference power production. One 
type which has been identified is a hollow glass membrane. The walls of the 
membrane arc only 10 microns thick. Loeb states that "membranes must be 
developed with walls no thicker than this or at least no more than an 
equivalent amount of Internal polarization.” In contrast to the Permasep 
membranes, the permlssable hydraulic pressure difference ucross the fiber 
wall is 150 atm versus 5U atm, and the permeation area is 50 percent greater 
for the same fiber size. Loeb concludes that ... "it may well be possible 
to develop a practical water-salt OUP (salinity power; system which uses 
seawater as the Cresn water". 



VI. summary 


A major uncapped potential soume of energy exists where there is 
mixing between waters of different salinities. The energy exists in the 
osmotic pressure difference between the two-relations. The osmotic pressure 
head Increases with the salinity gradient, from about T4u a (79u ft) for 
freshwater and seawater to more Chan 3,000 m (9,800 ft' for freshwater and 
water from the Great Salt Lake. 

Limited short-duration experiments with hollow-fiber semiperueable 
membranes have demonstrated that it nay be technically and economically 
feasible to generate significant ((uantitites of electricity using pressure 
retarded osmosis where salinity gradients exist similar to that wnlch occurs 
where freshwater flows into the Great Salt Lake. 

It may be possible to create a renewable salinity gradient energy 
resource with seawater and saltponds, by using solar energy to evaporate the 
seawater from the ponds. 

The critical factor in determining the future potential for producing 
power from salinity gradients will be improvements in semiperneable 
membranes. Commercially available membranes have been developed for systems 
where the required near-total salt results in low flux. Dramatic 
improvements in a flux through the membranes may be possible for PkG systems 
because high salt rejection is not required for power generation. 

The major problems with respect to semipermeable membrane development 
are flux, fouling, salt rejection, life expectancy, and cost. 

The production of power from the salinity gradient between fresnwater 
and seawater will not be economically feasible unless the membrane flux can 



be improved by aoout two orders of magnitude end the for pretreatment of the 
water nan be virtually eliminated. 
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RENEWABLE ENERGY FROM OCEAN WINDS, CURRENTS 
AND WAVES 


BY 

ROBERT TAGGART 

(ROBERT TAGGART INCORPORATED) 



INTRODUCTION 


The on* common characteristic of all ocaan energy-systems la thac co 
convart these natural and racurrlng anargy aoureaa Into uaabla powar raqulraa 
daallng with tremendous volumaa of althar watar or air. Although tha ocaan 
anargy avallabla can ba maaaurad in billion* of horsepower, tha larga powar 
valuaa raault from tha product* of vary larga masaa* and vary anall veloci¬ 
ties or temparaturas or praaaura dlffarancaa. Thu*, tha hardware required 
to convart those natural form* of anargy to uaabla form* of powar become* 
extremely massive, which in turn means that the convaraion system* are costly 
to aquira, install, operate and maintain. 

Another unique characteristic of ocaan energy sources is the part that 
nature itself plays in defying attempts by mankind to employ conversion hard¬ 
ware to extract and utilize the available energy. Wave motions play havoc 
with floating and fixed lnetallations at aea. Wind action can cauae all sorts 
of problems. The corrosive and blofoullng action of tha sea requires the use 
of exotic materials. An oceanic installation will coat more than a comparable 
lnatallatlon on land. Comparisons of land baaed and sea baaed systems will seldom 
show that ocean energy systems are economically viable as long as alternative 
fuels are avallabla — even at exorbitant cost. 

One major problem associated with tha development of ocean energy 
conversion systems is that of transmitting tha energy from the source .to 
the consumer. The magnitude of this problem 1* of course dependent upon 
the distance between source and consumer and tha natural barriers that lie 
between the two. These vary with the type of ocean energy conversion sys¬ 
tem that is being considered. 
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Por ocean current energy conversion systems transmission is apparently 
only slightly less of a problem. For example, the Gulf Stream attains a con¬ 
siderable surface velocity within reasonable distances of the Florida coast 
during certain seasons of the year and certain times of day. However, knowl¬ 
edge of oceanic currents is meager and there is little solid evidence on 
which to base the design of a large system that requires constant and con¬ 
tinuous high velocity flow. Such a system would require a site well beyond 
the boundary layer variations of islands and land masses and the unpredict¬ 
able circulation patterns generated by tidal augmentation or reduction of 
true oceanic current flow. It is highly probable that transmission of power 
from an ocean current energy conversion system will also prove to be a major 
problem if a likely site is ever found. 

Wind energy conversion systems can obtain more advantageous wind pro¬ 
files by moving greater distances offshore out into open ocean areas, but 
power transmission is only one of the problems that increases in direct propor¬ 
tion to the distance offshore; this will undoubtedly be one of the factors 
that will affect the offshore location of ocean wind energy conversion sys¬ 
tems. On the other hand, wave energy, tidal energy, and energy obtainable from 
salinity gradients are all near shore sources where transmission ashore from 
an ocean site is not a major factor in their development. 

POWER TRANSMISSION FROM OCEAN ENERGY SOURCES 

From the foregoing discussion of the offshore location of various ocean 
energy sources it is obvious that the transmission of that power to the con¬ 
sumer is a factor for consideration in any analysis of the relative potential 
of exploiting the various forms of ocean energy and indeed many also be a 
factor in siting the system and in selecting the most efficient conversion 
technique. 

*33 "Power generated at relatively remote ocean sites can be utilized in 
several ways: 

o direct electrical transmission by cable to the user, 
o on site production of fuel such as hydrogen or methanol, 

o on site use by location of factories at sea or ashore 

near the power generating system. 

★ 

References at end of report from which material has been quoted or 
drawings extracted directly. 
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Bach installation will hava problems unique to its own geographical situation, 
and these will dictate which mode, or combination of modes, of transmission 
is best. 

POWift CABLES 

"Except for very short distances (less than about 20 miles) electric* 
power transmission would be accomplished by use of high voltage direct current- 
cables. For portions of the transmission distance under the sea, a return 
path through the water can be used which makes use of large electrodes at the 
receiving and generating ends. It may also prove to be economically desirable 
to use the earth as the second conductor for overload portions of the trans¬ 
mission. Direct current systems are required underwater because of the large 
capacitance losses associated with long alternating current lines which are 
shielded or immersed in a conducting medium. There are a limited number of 
direct-current, power-cable systems in existence of which the best described 
is the Konti-Skan connecting Sweden and Denmark. It includes a fifty-four 
mile underwater link using a monopolar cable with sea return. Converters 
for embedding the transmission link in an alternating current system make use 
of high voltage mercury-arc rectifiers. Solid state converters are under 
development which should reduce operating costs. Conversion efficiencies 
(better than 98%) are quite high for these devices. 

FUEL PRODUCED AT SEA 

"Methanol has been proposed as a fuel substitute in motor vehicles, 
power plants, and essentially all the uses in which gasoline or fuel oil is 
employed. It has the primary advantage over hydrogen of being easily trans¬ 
portable and storable and it is relatively clean burning. The primary dis¬ 
advantage of methanol is its low heating value per unit weight. 

"For the production of methanol at ocean sites, an external source of 
carbon is required. One possibility is to transport coke or coal to the ocean 
production site in convertible bulk carriers which would then be used to trans¬ 
port the methanol ashore. Over four-tenths of the product methanol weight 
would be required in the form of pure carbon. In the production process, the 
coke would be reacted with electrolytically produced hydrogen to yield 
methanol. 
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OCEAN ENERGY POWERED PLANT 

"It has been suggested that an Ocean Energy Powered Plant could be 
used in conjunction with sea based electrowinning plants for production of 
aluminum or other products such as antimony, cadmium, chromium, cobalt, 
copper, indium, manganese, magnesium, sodium, thalliaum,and sine. An alumi¬ 
num plant to absorb the output of a 100 MW plant has been sized based on 


the following: 

Power Required 

7.86 kWh/lb-AA 


Cell Voltage 

4.7 V 


Cell Power 

470 kW 


Cell Current 

100,000 amperes 


Cell Size 

35 x 16 x 4 ft 


Total Height 

10 ft over anodes 

212 cells will 

be required in two pot 

lines of 106 cells ea<*h in series. A 

power supply of 50 MW at 500 V D.C. will be needed for each pot line. The 


pot lines are estimated to weigh about 45,000 tons, The annual output from 
this plant, if operated continuously will be about 50,000 tons of aluminum." 

RENEWABLE ENERGY PROM OCEAN CURRENTS 

Conversion of the kinetic energy of flowing water to mechanical energy 
probably anti-dates recorded history. This applies specifically to the use 
of flowing streams to do mechanical work. Similarly, tidal movements in 
restricted estuaries have provided adequate periodic flow velocities to per¬ 
mit the conversion of this form of ocean energy into usable power. However, 
with regard to true ocean currents, there seems to be no evidence that any¬ 
one has ever attempted to use the current energy for power development other 
than to drift along with it in whatever direction and at whatever speed it 
might travel. It is only within recent years that serious suggestions have 
been put forth that the tremendous power available in ocean currents might 
be utilized to provide a renewable from of non-polluting energy. 

BACKGROUND 

It is quite interesting to note that the means proposed for extracting 
energy from ocean currents differ little from the century-old methods for 
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extracting energy from flowing water. In two of the early inventions the 
stream energy was utilized to propel vessels upstream whereas another 
was a device to drive a'mill. However, the energy conversion devices are 
characteristic of those being proposed today. 

30 "The ingenious device 
shown in Figure 1 was purported 
to be in operation around 1590 
for hauling a laden ship upstream. 
A line was wrapped around a drum 
on the shaft connecting the two 
paddle-wheels of the device and 
then the line was run upstream 
and passed around a sheave fixed 
to a moored boat. Prom the sheave 
the line extended to a small tow¬ 
boat which was fitted with large 
flat boards to give it a high longitudinal resistance. As this towboat drifted 
downstream, the resulting pull on the line would revolve the paddle-wheel axle 
thus propelling the cargo ship upstream. Presumably when the cargo ship 
reached the moored boat, the resistance boards on the towboat would be retract¬ 
ed inboard and the whole operation moved further upstream. 

"One inventor who maintained an active interest in marine propulsion 
over a number of years was a Monsieur Du Quet. His inventions involved using 
the forces of nature as a source of power rather than animal muscle or steam. 

In 1699 he devised a machine for drawing vessels upstream against a current, 
Figure 2i This towing machine utilized a partially submerged Archimedian 
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•crew made up of a group of radial boards helically displaced around an axle. 
The screw axle was mounted between & pair of boards which straddled twin 
hulls. This towing contrivance was then anchored or moored in the stream. 

Prom the bow of the vessel to be hauled upstream a line Tan to the towing 
machine, passed around a pulley arrangement mounted on the screw axle, and 
thence passed to a drag boat which maintained a tension on the systems As 
the screw revolved in the flowing stream the barge would be pulled toward 
it. Du Quet called his screw "revolving oars". Experiments with this device 
were conducted in both Le Havre and Marseilles, but it apparently was too 
inefficient to be successful. 

"Robert Hooke is best known for Hooke's Law (mechanical strain is pro¬ 
portional to stress), but he too indulged in the advancement of the science 
of marine propulsion. In his "Philosophical Collections" printed by the 
Royal Society in 1681, Hooke proposed what he called a horizontal water-mill. 

This device, shown in Pigure 3, is 
what would now be termed a vertical 
axis propeller. A series of wooden 
vanes were pinned perpendicular to a 
circular rotor and geared to a central 
shaft. The gearing was so levised that 
for each complete revolution of the 
rotor the vanes would rotate 180® on 
their own axes. When placed in the 
proper angular position relative to 
the mill race, the vanes on one side 
would be perpendicular to the stream 
whereas those on the other side would 
be edge-on to the stream. In this 
manner the device would be forced to revolve and drive a mill." 

And so, within the general span of the seventeenth century there had 
been invented three ways to extract energy from a moving stream, i.e., by 
drifting resistance elements attached to a line that rotated a power wheel, 
a screw impeller rotor driving a power wheel, and a vertical axis impeller 
rotor driving a power wheel. All of these basic techniques have been proposed 
again within the last decade for extracting energy from ocean currents. 



HOOKE’S HORIZONTAL JKATERMILL 
30 RIOURI3 
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RISOURCl POtINtlAL 

As with other forms of renewable ocean energy there have been many 
estimates of the total energy that Is continually being expended in the 
movement of water by ocean currents. The average estimate seems to be 
about 10 billion watts or about 13.4 million horsepower. Of course little 
of this total energy is available to the United States. Por actual utili¬ 
zation of ocean current energy by the United States, interest seems to 
center on the flow of the Plorida Current, a part of the Gulf Stream running 
through the Straits of Plorida between the mainland and the Bahama Islands. 
The island of Bimini is about 47 nautical miles due east of Miami and through 
this channel between the island and the mainland the total flow is on the 
order of 30 million cubic meters per second or about 8 billion gallons per 
second. The surface current velocity at times is as high as five knots in 
this region. 

As the current moves through this passageway the velocity is greatest 
at the surface and tapers off with depth. At the bottom and along the shore¬ 
lines the boundary layer flow and circulation are such that in some areas 
the flow is to the south whereas the main flow of current is to the north. 
Pigure 4 shows a three-dimensional interpretation of the velocity distribu¬ 
tion with depth and with distance out from the Plorida coastline. 

Por any energy conversion system used to extract power from ocean 
currents the maximum energy available will be proportional to the product 
of the cube of the velocity and the area of the extraction device projected 
on a plane perpendicular to the current flow. The energy density, or power 
flux, can then be expressed in terms of kilowatts per square foot of cross¬ 
stream area. This power flux, when multiplied by the area of the energy con¬ 
version device will give the output power potential for a 100% efficient 
extraction device. The power flux distribution in the Plorida current in 
the area covered by Pigure 4 is proportional to the cube of the velocity. 

In the upper 200 feet, this power flux reaches an average maximum value of 
about 0.42 horsepower per square foot, or about 300 watts per square foot, 
at a distance between 16 and 18 nautical miles off the Plorida coast. Por 
the upper $00 feet the power flux distribution out to 28 nautical miles 
from shore is shown in Pigure 5. 
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BN8R0Y CONTAIN8D IN FLORIDA CURR8NT 08TW8BN MIAMI AND BIMINI 

FI6URS 5 

Although the maximum power flux occurs about 17 miles offshore it may¬ 
be noted that the power flux at a point four miles offshore is only 65 watts 
per square foot less at the 100 foot depths It may well be found that the 
additional cost of transmitting power to shore from the more remote location 
may make the inshore site more favorable. Furthermore, the depth at four 
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miles offshore is on the order of 900 feet whereas the depth at 16 miles 
offshore is about 2200 feetj this will make a considerable difference in 
the mooring system required to retain the current energy conversion system 
on station as will be discussed later. 

Other si,tes that have been proposed where power might be extracted 
from oceanic currents include the Cromwell Current west of Galapagos Islands 
and the current flows off Gibraltar and off Bab el Mandel in the Red Sea. 
These latter two are basically the result of tidal movements and all three 
are remote from any conceivable area where the production of such energy 
would be of any economic value to the United States. 

PRINCIPLES OP OCEAN CURRENT ENERGY EXTRACTION 

As described earlier the extraction of the energy contained in ocean 
currents is analogous to the extraction of energy from a flowing stream. 

The only difference is that a flowing stream moves under gravitational 
influence and therefore has both potential and kinetic energy whereas 
ocean currents involve basically kinetic energy alone. However, the prin¬ 
ciples of energy extraction are essentially the same, that is to convert 
the kinetic energy in a flowing liquid into mechanical energy that can be 
used to develop electrical power or to power directly some mechanical ele¬ 
ment of a production system. 

Generally speaking, most energy extraction systems that have been 
proposed involve using the kinetic energy in the flowing stream to rotate 
a shaft which in turn can be used to drive an electric generator or other 
form of mechanically driven power device. The classic method of doing this 
is to drive a water wheel which is essentially the inverse of a propeller. 

As with wind driven wheels there are basically three generic types of rotors 
that can be used for ocean current energy extraction: 

o A rotor with its axis of rotation horizontal and parallel 
to the stream flow (similar to a screw propeller on a ship). 

o A rotor with its axis of rotation horizontal and perpendicu¬ 
lar to the stream flow (similar to a ship paddle-wheel). 
r o A rotor with its axis of rotation vertical and perpendicular 
to the stream flow (similar to the Hooke watermill shown 
earlier). 
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In all cases the basic principle is the same. The rotor axis is held in a 
fixed orientation relative to the stream. The rotor is configured relative 
to its axis so that fluid flow past and around the rotor elements generates 
tangential lift forces which apply a corque to the rotor causing it to rotate 
about its axis. 

The rate of rotation is a function of the configuration, or pitch, of 
the rotor elements, the effective distance of the elements from the axis, 
the flow velocity of the fluid, and the torque that is extracted from the 
device. For a reasonably well designed power extraction device of any of 
the foregoing types it should be possible to attain a conversion efficiency 
on the order of 55% to 60%. Thus, the power output extractable by such a 
device from the Florida Current would be this efficiency multiplied by the 
swept area of the rotor and the product multiplied by the power flux given 
in Figure 5 for the point in the stream where the device is located. 

CANDIDATE SYSTEMS 

19 "Several recent publications have examined the potential of extracting 
useful amounts of energy from ocean currents (Green, 1970; Stewart, 1974b; 
Sheets, 1975). Sheets (197S) and Heronemus et al (1974) have reviewed 
types of water turbines capable of utilizing low velocity currents. The 
first type is the water wheel or underwater windmill. HeronemUs et al (1974) 
has proposed that a tethered free-stream, four-stage, six-bladed underwater 
windmill rated at 20 megawatt in a 7.2 ft/sec current could be used. Sheets 
(1975) compares the theoretical performance of Kaplan, propeller, and vertical 
axis turbines as power generators in specific velocity gradients. He con¬ 
cludes that the Kaplan and propeller turbines have nearly equal efficiences, 
but the propeller-type requires less structure. Sheets (1975) states that 
the vertical-axis turbine, which is similar in action to a Voith-Schheider 
propeller, is a good choice to generate power when the flow direction is 
variable and the energy gradient is large. The Sheets (1975) analysis was 
based on Florida Current velocities. " 

Sheets carried the design of his three candidate systems to a degree 
of refinement exceeding that of other investigators. He used a mean current 
flow velocity of 5.4 ft/sec for all units which gives a power flux of 0.283 
horsepower per square foot or 214 watts per square foot. Sketches of these 
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V»-Hifal Axis Turbin*. 


SHEETS' CANDIDATE OCEAN CURRENT 
POWER EXTRACTION SYSTEMS 

22 FIGURE 6 


Propeller Turbin*. 


three systems are shown in Figure 6. His Kaplan turbines had overall diame¬ 
ters of 149 feet and developed 1000 horsepower each at two RPM. The Propeller 
turbines had diameters of 127 feet and developed 990 horsepower at three RPM. 

The Vertical Axis turbines turned at two RPM and developed 1710 horsepower each. 

The Voith-Schneider Vertical Axis propeller to which Sheets' refers 
has a cycloidal blade motion that differs somewhat from that of the Hooke 
watermill and is thus more efficient at the expense of a more complex drive 
linkage and hydrofoil-shaped blades. Yet the principle is approximately the 
same. The Kirsten*Boeing Propeller, invented in 1921, simulates the Hooke 
watermill. Its orbital blade motion and that of the Voith-Schneider Propel¬ 
ler, invented in 1926, and a sinusoidal propeller developed in the 1940s, 
are shown in Figure 7. Also shown is the blade motion pattern of a number 
of such devices. It is quite conceivable that when acting as an ocean 
current energy conversion device, a different form of blade drive might be 
more effective. 
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VOIWSCHNEIOSR PROPELLER BLADE MOTION 



ANOU OF ROTATION R OtO. 

8LA0E MOf l<SNS OF VARIOUS TYPES OF VERTICAL AXIS PROPELLERS 
30 PIOUR87 
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It may be noted that none of the candidate systems employs a horirontal 
rotor axis with the axis perpendicular to the stream referred to earlier as a 
paddle-wheel orientation. Yet with the extremely large diameters that these 
devices must have, the characteristics of the ocean environment, and the 
associated mooring problems, a totally submerged paddle-wheel configuration 
may be the optimal answer to the extraction of power from the Florida Current. 

First consider the current profile given in Figure 4 and the power flux 
distributions given in Figure 5. At a depth of 100 feet the current to the 
north is at a maximum at distances of 3 and 17 nautical miles offshore. At 
these points the power flux is about 280 and 350 watts per square foot respec¬ 
tively. At 200 foot depth these power flux values at 3 and 17 miles offshore 
drop to 110 and 200 watts per square foot respectively. Picture, under these 
conditions, a 100 foot diameter Kirsten-Boeing Propeller with the blades and 
axis as shown in Figure 7 but with the assumption that the axis is at a depth 
of 150 feet and is perpendicular to the flow stream; Figure 8 depicts this 
configuration in the velocity profile that exists 3 to 4 miles offshore of 
Miami. Here, the velocity profile is given as a force flux, or the force per 
unit area that would be applied to the blades. 

CURRENT FORCE IN FOUNDS PER SQUARE FOOT 
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A HORIZONTAL AXIS KIRSTEN-BOEING PROPELLER IN THE FLORIDA CURRENT 


FIGURE 8 
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It can be seen that this horizontal axis, rotating blade energy con¬ 
version device would adapt itself efficiently to the existing velocity con¬ 
ditions and thus would probably be capable of extracting a greater amount 
of power from the Florida Current than would the other devices proposed, 
perhaps as high as 60% of the available pQwer flux in the area. 

Yet it should be pointed out that even with 60% extraction efficiency 
an extremely large unit is called for to produce any significant amount of 
power. For a one megawatt plant in the flux field illustrated, the 100 foot 
diameter rotor would have 80-foot long blades. This is a rather massive 
machine to extract a mere 1340 horsepower. 

KEY PROBLEMS IN OCEAN CURRENT ENERGY CONVERSION 

The sheer size of an ocean current power extraction device, as cited 
above, gives pause to the concept of filling the area between Florida and 
the Bahamas with a sufficient number of units to provide a significant dent 
in the local power requirements. Although there is little question that 
the capability exists to design, fabricate, and install such a system its 
acquisition cost might well militate against its ultimate exploitation. 

There is another major cost element that none of the investigators has 
considered in any detail. This is the cost of mooring the ocean current 
energy conversion system in a fast flowing current in relatively deep water. 
Obviously, in order to produce the torque required to convert the hydraulic 
power to mechanical power, there will be a corresponding thrust applied to 
the rotor as well as a downstream resistance acting on the housing and 
buoyant support structure. Also the housing must be buoyantly supported so 
as to oppose the torque reaction. The combined downstream horizontal forces 
must be resisted by the holding power of an anchoring system. The anchoring 
system, in order to apply an effective horizontal force will necessarily be 
massive and heavy in the water which will call for adequate buoyant support 
in the system both to maintain a fixed depth and a fixed attitude of the 
rotor and its housing. These various interrelated features have a way of 
evolving into a complex and expensive combihation of hardware that can be 
costly both to install and to maintain in the ocean environment. 

It would appear that if the area off Miami is selected for such an 
installation, the near shore (3-4 nautical miles) location would be the most 
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economical. This is due both to the fact that the lesser depth would require 
a less expensive mooring system and the proximity to shore would require a 
shorter power transmission cable. 

Any of the ocean current energy conversion devices that can be foreseen 
do not have characteristics that would adversely affect the ocean environment. 
The rotors will turn slowly enough so that there is little chance of marine 
life being disturbed and there will be no emissions or debris emanating from 
the device that will be detrimental. Some interference with marine traffic 
could result if many such units were installed but casualties could be avoided 
by proper charting, lighting, and notices to mariners. 

If any really sizable amounts of energy were to be extracted from the 
Florida Current it could quite conceivably change the overall flow pattern 
of the Gulf Stream and the warm water and air it circulates throughout the 
North Atlantic. More likely, however, is that the system would act like a 
dam between Bimini and the mainland, that the Gulf Stream flow might be 
altered only locally and that the adverse effects would be limited to the 
bounding land masses in the region of the ocean current energy conversion 
device. 


RENEWABLE ENERGY FROM WINDS OVER THE OCEAN 

As with moving water, the extraction of energy from moving masses of 
air has been practiced for centuries for the mechanical advantage of mankind. 
However, Unlike the situation with ocean currents, the winds over the ocean 
have been used extensively as a source of power for the propulsion of ships. 

It was not until the nineteenth century that sailing ships were gradually 
phased out of commercial and military operations and mechanical power was 
substituted for wind power. Now, with the increasing cost of the fuels needed 
for mechanically powered vessels, the concept of reverting to wind power is 
being given serious consideration. Similarly, offshore wind power is also 
being investigated as a possible means of providing supplementary electrical 
power for onshore systems and also for the powering of offshore operations. 
Systems such as these, which are intended to convert wind energy for purposes 
other than ship propulsion, are the subject of the following discussion. 
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backoround 

There is a long history of development of wind power systems for use 
on land in converting wind energy to mechanical energy. Similar systems are 
equally applicable to offshore use and will be so addressed in later parts of 
this discussion. However, it may be of interest to examine some of the 
approaches that have been suggested or tried for converting wind energy to 
mechanical power for use in the ccean environment. The problems encountered 
with such systems may give some clues as to the potential offshore utiliza¬ 
tion of wind powered devices. 

There are several examples of ocean wind energy conversion devices 
where the resulting mechanical energy was used to drive some form of propul- 
sor. One such device was invented by the irrepressible M. Du Quet in 1712; 
this windmill-driven propeller is shown in Figure 9 together with another 
device, similar in principle, that was patented by M. Constantin in 1924. 
Constantin's 30IS ROSE had a 30-foot diameter Levasseur propeller mounted 
on a lattice framework that was free to pivot in any direction; through 
shafts and gearing it drove a screw propeller. This latter vessel was said 
to have made a speed of 5 knots in a 14-knot wind. 
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30 "The basis for a major step forward in the use of the wind for propul¬ 
sion was a physical phenomenon uncovered by Gustav Magnus in 1852 when he was 
Professor of physics at the University of Berlin. MagnUs was also serving as 
an instructor in the Artillery Academy and became interested in the problem of 
cannon balls being deflected in a lateral direction from their true ballistic 
path in flight. He performed a series of experiments, using a brass cylinder 
rotating in a wind stream, and measured a lateral force on the cylinder in a 
direction orthogonal to the stream. The cylinder tended to move towards the 
side where the periphery of the cylinder Was moving in the same direction as 
the air current. He realized that this was the force which had been deflect¬ 
ing projectiles and, although he did not measure its magnitude, he is credited 
with the discovery of the Magnus Effect. 



"This effect can be understood by reference to the various sketches in 
Figure 10. Figure 10A shows the streamlines of flow around a stationary cylin¬ 
der in an air current. Figure 10B shows the imaginary circulatory flow being 
dragged around with a cylinder which is rotating in still air. When the two 
are combined, the current velocity is added to the circulation velocity on the 
Upper side of the cylinder, but on the lower side of the net velocity is the 
difference of the two, resulting in the pattern of Figure 10C. A low pressure 
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region is generated on the high velocity side; a high pressure region on the 
low velocity side. This pressure difference creates a force which acts on 
the cylinder as shown by the heavy arrow. 

"In 1877, Lord Rayleigh wrote a treatise, "On the irregular flight of a 
tennis ball," in which he described the Magnus Effect. But it was not until 
1910 and 1911 that actual measurements were made of the magnitude of the forces 
involved. These experiments were conducted by Professor Lafay, in the Physical 
Laboratory of the Ecole Polytechnique. 

"Professors Prandtl and Foettinger, at Goettingen, became interested in 
this effect in 1918 and the latter encouraged a somewhat dubious Professor 
Guembel to construct a model propeller, shown in Figure 11, which illustrates 

the Magrtus Effect. The application 
is fairly clear: the rotation of the 
drive shaft rotates the two cylindrical 
propeller blades in opposite directions. 
When inserted in a wind stream, a 
torque is developed by the Magnus 
forces, which are at right angles to 
the axis in opposite directions, and 
the propeller turns. Both Profesors 
Foettinger and Guembel considered this 
an interesting laboratory demonstration but of no practical value. However, as 
will be discussed later, this general principle may be the best answer for ocean 
wind energy conversion. 

"In the early 1920's, the sailing ship was swiftly passing Out of the pic¬ 
ture for commercial maritime Use. In 1922, Anton Flettner conceived the idea 
of utilising the Magnus Effect to obtain propulsive power from the wind. He 
pictured a ship with large, vertical cylindrical rotors rising from the deck 
to develop a forward thrust from the velocity of a transverse windstream. In 
1923 he patented the idea. 

"Flettner discussed his invention with Prandtl, Betz, and Ackeret at the 
Aerodynamic Experiment Station in Goettingen. Ackeret, who had been working 
on various methods of boundary layer control on fixed foils, at first convinced 
Flettner that fixed masts would be better than rotating cylinders. However 




CUEMBeL'S MODEL MACNUS PROPELLER 
30 FIGURE 11 
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after a series of unsuccessful tests of Ackeret's devices Plettner returned 
to his original idea of using rotating cylinders. After performing a series 
of model experiments, the three-masted topsail schooner BUCKAU was obtained 
for an experimental installation. It had been decided to use two rotors with 
a projected area one-tenth that of the sail area of the BUCKAU, which was 
8,500 square feet. The cylinders were made of 3/64-inch steel sheets and were 
internally stiffened and braced. The rotors were 43 feet high and about 10 
feet in diameter. They were driven by two reversible 220-volt, direct current, 
shunt motors of 11 kw operating at 750 RPM. 



THE BUCKAU BEFORE AND AFTER CONVERSION 

30 FIGURE 12 

and several small yachts were built on the 


"Conversion of the BUCKAU was 
completed in 1924. A sketch of her 
before and after conversion is shown 
in Figure 12. Both dock and sea 
trials were conducted with extremely 
satisfactory results. She made sev¬ 
eral exhibition trips around Europe 
and the British Isles. Rechristened 
the BADEN-BADEN, she made the Atlantic 
crossing to New York in 1926. Subse¬ 
quently, a naval vessel, the BARBARA, 
rotor ship principle." 


While these few minor marine developments were underway, work on wind 
energy conversion ashore has been proceeding continuously. Since the 1850's 
some six million small windmills, Of less than one horsepower each, have been 
built and used in the United States. Here, and in other countries - Denmark, 
Russia, Great Britain, France, and Germany - wind powered machines rangihg up 
to as large as a 1250 kilowatt unit have been built and operated. These have 
included a wide range of sizes and rotor types, an excellent summary Of which 
is given in the report "Wind Machines" prepared for NSF by The Mitre Corpora¬ 
tion in October 1975. 


RESOURCE POTENTIAL 

® "Currently available maps showing patterns of average wind power over the 
United States provide only very rough estimates of this power. Many are based 
mainly on measurements obtained near ground level at airports. However, airport 
locations are generally purposely chosen to avoid sites where local topography 
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might result in high wind speeds. Other pattern maps are produced by extrapo¬ 
lating high altitude wind measurements down to a standard height above ground 
level. An example of the latter type is shown in Figure 13. Its shaded areas 
indicate where average wind speeds are estimated to equal or exceed 18 mph at 
ISO feet altitude over the United States. 

"A rough integration of the average power available within the 18 mph 
contour surrounding the high Great Plains region indicates that with conserva¬ 
tive assumptions regarding the operating efficiencies and proper spacing of 
wind machines, it is expected that the power that could be extracted from the 
winds in that region, alone, is several times the present United States 
electrical power demand.'' However, the region of 18 mph winds off the north¬ 
east coast of the United States is of considerable interest with regard to 
the location of offshore wind energy conversion stations. 

This interest in offshore stations relates primarily to the availability 
at offshore sites of high level wind energy in the region close to the ocean 
surface. The winds are generally more steady and.reliable in both velocity and 
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WlNO VELOCITY IN MILES PER HOUR 



WIND VELOCITY PROPILES OVER VARIOUS TYPES OF SURFACES 

FIGURE 14 


direction and the velocity distribution above the surface is more consistent 
as shown in Figure 14. 

In this illustration are shown rough estimates of how IS mile per hour 
winds at ISO feet atltitude would drop off in velocity as the surface is 
approached. It can be noted that the velocity profile over a moderate sea is 
similar to that over very smooth land masses whereas over rougher gound the 
velpcity near the surface is considerably reduced. Large changes in wind 
velocity play havoc with the blade loadings on most forms of wind energy con¬ 
version devices and thus it is desirable to have a minimum change of velocity 
with altitude; this lesser velocity change is afforded by most offshore sites 
when the seas are not too high. Distributions for various levels of wind are 
reported by Petkovic (1964) and are shown in Figure 15. 

The total power potential available in winds over the ocean is obtained 
from the equation: 


HEIGHT ABOVE SEA LEVEL IN FEET 
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variation op WIND velocity with height 

OVER OPEN SEA AS A FUNCTION OF BEAUFORT NUMBER 

1 FIGURE IS 

P « |/I U 3 

where: P is the power 

p is the mass density of air 
A is the swept area of the conversion device 
v is the Wind velocity 

When divided by the swept area this becomes the energy flux that is available; 
the energy flux is dependent only upon the mass density and the wind velocity. 

It has already been shown how wind velocity increases with altitude and 
changes with the region over which it passes. But mass density decreases with 
altitude and also changes with temperature and with humidity as well as atmo¬ 
spheric pressure. Thus there are many differing values that have been set 
forth purporting to show the available wind energy over the entire world and 
over various regions where wind energy conversion systems might be located. 

Sufficient energy is continually being transferred from the sun to the 
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winds of the earth to maintain an estimated total power capacity of over 10 n 
gigawatts in these winds. Of this, one panel of experts, ie., the 1972 Solar 
Energy Panel of the National Science Foundation and the National Aeronautics 
and Space Administration, has estimated that the power that is potentially 
available from surface winds over the continental U. S., the Aleutian Arc, 
and the eastern seaboard is equivalent to about 10 s gigawatts of electricity. 

This is more than 30 times the estimated total power consumption of the U. S. 
by 1980 and more than one hundred times the estimated U. S. electrical generating 
capacity by that time. However, these are generally meaningless numbers unless 
they are stated in terms of average annual energy flux in a specified geo¬ 
graphical area within a specified altitude range. Such data are simply not 
made available in sufficient detail that they could be used to justify a specific 
location for a wind energy conversion device. 

The favorable wind velocity distribution over the sea surface has been 
put forth as an argument for offshore location of wind energy conversion 
devices. Yet when the energy flux difference between overland and offshore 
sites is examined the difference in resource potential is not as great as one 
would be lead to believe. In the equation given with Figure IS it will be 
noted that the value N varied from 4 to 17 for the range of wind velocity 
profiles covered. Assume that the wind velocity at a 150 foot altitude is 
18 miles per hour; also assume that a wind energy conversion device is 100 
feet high with its top at a ISO foot altitude and its bottom at a 50 foot alti¬ 
tude. The energy flux in the region covered by this device, for various values 
of the velocity distribution function N are given in the table below. 

Velocity Distribution Energy Flux in 

Function N Watts per Square Foot 


4 

25.77 

6 

26.20 

8 

26.68 

10 

26.97 

12 

27.17 

1.4 

27.32 

16 

27.42 

18 

27.51 


m 
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The small difference in wind energy flux between the most and least 
favorable velocity distributions hardly justifies the added complexities of an 
offshore site. Similarly, the differences in constancy of velocity and 
direction between land sites and ocean sites are not sufficiently well docu¬ 
mented to use the energy resource potential as a justification to favor one 
type of site over the other. 

PRINCIPLES OP WIND ENSROY EXTRACTION 

Windmill performance may be investigated by examining the momentum of 
the air meeting the blade and by observing the forces of an element of the 
blade. The column of air arriving at the windmill with a velocity y is slowed 
down; its boundary is an expanding envelope as shown in Figure 16. The dimi¬ 
nution of velocity at the windmill disc may be expressed by the use of an inter¬ 
ference factor a. Prom energy and momentum considerations, it can be shown 
that, behind the windmill, the diminution factor increases to an ultimate 
value of 2a. 

Energy is obtained from the wind by the slowing down of the air. Dis¬ 
regarding rotational and drag losses, the work obtainable from it per unit of 
time, P, is 

? » 2pAv 3 a (1-a) 2 

where A is the disc area and p is the mass density of the air. 


The power originally contained in a cylinder Of air of area A is given by 



pioune 16 
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From the first equation it may be seen that the power obtained is a 
maximum when a • 1/3, in which case ? is 59.2 percent of the power originally 
in the air. This may never be exceeded. 

The axial thrust, representing the force tending to overturn a stationary 
windmill, or the drag on an airplane generator, is given by 

2 - SpAv 2 a (1-a) 

This is a maximum at fl « 1/2 and grows smaller with smaller values of a. The 
thrust may be kept low by using a small a and a large diameter, thus taking a 
smaller percentage of power from the air. 

The percentage of power removed from the air is proportioned to the pover 
coefficient, Cp. It is a function of a, or of the geometric arrangement of the 
windmill, and of the tip speed ratio. C p has been determined in wind-tunnel tests 
for various blade arrangements as shown in Figure 17. The higher the tip-speed 



TYPICAL PERFORMANCES OF WIND MACHINES 


8 FIGURE 17 
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ratio, the higher will be the power coefficient for a perfectly designed 
windmill. 

Blade Elements. The action of the blade of a windmill is similar to 
that of a blade of an airplane propeller. A velocity torque force, and 
resistance-force diagram for a section of a windmill blade is given in Figure 
18. In this figure, v is the absolute wind velocity, y* the wind velocity 
relative to the blade element, a the angle of attack, R the force normal to 
the blade, L the lift, D the drag, T the thrust, and Q the torque force. The 
following relations hold: 

L m c. • :/2pVi Z S D * C-, • l/2oV ] z S 

Q » L sin 0 - D cos 9 T « L cos + D sin 9 

where S is the elementary blade area, C^ and C p are the lift and drag coeffi¬ 
cients, respectively, and p is the mass density. 



PORCH DIAGRAM FOR WINDMILL BLADE 

PIGURE 18 


CANDIDATE SYSTEMS 

All of the wind energy conversion systems proposed for use over land 
are certainly candidates for ocean wind energy conversion. There are innumer¬ 
able types of rotors that can be used as evidenced by the variety shown in 
Figure 19, extracted from the Mitre/N'SF Report (1975). 
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The most prolific propohgftt of offshore wind energy conversion systems 
has been William Meronemus. One of his systems, Figure 20A, was an array of 
34, sixty foot diameter wind turbines, mounted on a floating tower structure 
that is anchored in 100 to 3S0 feet of water on a small waterplane area taut 
moored buoy system; these had a total capacity of 3.4 megawatts. A second 
proposal, Figure 20B comprises three wind turbines of 2 megawatt capacity 
floated and moored in a similar manner. There have also been numerous proposals 
for mounting wind turbines on unused offshore oil drilling or production plat¬ 
forms or on similar rigs built specifically to carry wind energy conversion 
devices. 

All of the foregoing candidate systems suffer from the same basic 
deficiency which is that they sacrifice reliability and continuous operation' 
in an attempt to attain a higher power coefficient reaching toward the ideal 
efficiency shown in Figure 17. This will be discussed in more detail in the 
next section but a point can be made here for one candidate system that seems 
to have been overlooked in the recent push for high powered wind energy con¬ 
version systems. 

Earlier a laboratory device for demonstrating the Magnus Effect was 
described. This was basically a two-cylinder unit that rotated in a wind 
stream. The cylinder rotation was actuated by gearing once the rotor was 
turned. Continuing rotation was energized by the torque that developed due 
to the air flow over the rotating cylinders. Anton Flettner apparently saw 
in this demonstration a potential for a wind turbine design. In MECHANICAL 
ENGINEERING November 1925 and March 1927, he described a four cylinder 
windmill that utilized the Magnus Effect to rotate the hub on which the 
cylinders were mounted. Each of the four cylinders was fitted with a 
Savonius rotor that caused them to rotate on their own axes when subjected 
to an airflow parallel to the main shaft. The Magnus force developed by the 
rotation of each cylinder in the windstream acted tangentially to apply a 
torque to the system. 

The advantages of such a wind turbine are obvious. A very high torque 
could be developed at near zero rotational speed of the main shaft. There¬ 
fore there would be no need for a high tip speed with all of its concomitant 
disadvantages; in fact it would be desirable to keep the rotational speed low 
to optimize the direction of application of the Magnus force. The system 
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would be essentially self-governing in that the rotational speed of the 
cylinders, driven by the Savonitis rotors, would be proportional to the 
wind speed. The high torque, low speed characteristics would lend them¬ 
selves readily to the rugged and heavy type Of design required to withstand 
the rigors of the ocean environment. This capability was demonstrated long 
ago in the highly reliable performance of the rotor ship BADEN-BADEN. 

KEY PROBLEMS IN OCEAN WIND ENERGY CONVERSION 

Before discussing the problems associated with extracting wind energy 
over oceanic areas it might be well first to take a brief look at what has 
happened with over land wind turbine developments. Certainly there is a 
long history of success with small windmills employed for a multitude of 
tasks on the farms of the United States and in other countries. But these 
farm-type multibladed windmills achieve maximum power coefficients on the 
order of 15% and the famous Dutch four arm type has a 17% power coefficient. 
These low levels of efficiency are not considered acceptable for modem wind 
power extraction devices. 

As shown in Figure 17 the modem two-bladed rotor with airplane pro¬ 
peller type blades has been proven to produce power coefficients on the 
order of 47% which is approaching the range of acceptability. However, to 
reach this level of efficiency with this type of propeller requires ratios 
of blade tip speed to wind speed of about 6. To get this ratio requires a 
large diameter rotor turning at a high RPM. This is where the major problems 
start. To keep the centrifugal forces and thrust forces, and the correspond¬ 
ing bearing and tower loadings within reason, the blades must be extremely 
light, strong, and thus costly. The design becomes more and more fragile 
with increasing susceptibility to overloads and adverse wind gradients to 
the point where the gain in efficiency is lost in excessive downtime of the 
machine. 

Another problem is one that is partially self-generated by the designers. 
In an attempt to achieve constant RPM for driving constant-frequency electrical 
machinery, controllable pitch blades are being used. These have the advantage 
that they can be pitched for zero torque when wind velocities exceed design 
levels. Yet the controllable pitch feature is another element that complicates 
modern wind turbines to the point of frequent failure and lack of long term 
reliability. 
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RENEWABLE ENERGY PROM OCEAN WAVES 

The high levels of energy generated in ocean waves are obvious not only 
in their effect on vessels at sea but also in the havoc they can wreak on 
shorelines and beach structures. Mankind has long observed this tremendous 
power with awe and also has long been fascinated with the idea of harnessing 
the available power for his own use. Of interest here are primarily those 
waves that are generated by winds sweeping across long stretches of water, 
essentially a form of renewable and predictable solar energy; tsunamis and 
other wave forms generated by movements of the earth itself are not considered. 

BACKGROUND 

Extraction of energy from ocean waves and its conversion to mechanical 
power must first have occurred to mariners who were constantly faced with the 
power of the sea and hoped to utilize that power for means of propelling their 
vessels. A number of old records and patents indicate this intent, many of 
which demonstrate principles found in the various types of wave energy con¬ 
version systems currently being proposed. Conversion of only a small amount 
of this energy to forward thrust would represent a great advance in marine 
science. 

30 "Carl G. E. Henning obtained a patent in 1874 for a craft which employed 
inclined planes at the bow and stern for wave propulsion. A more interesting 
and successful application of this same principle was developed by Herman F. L. 
Linden, in Naples, Italy, in 1898. Linden used the wave motion for a source of 
power and flexible fins for converting this power to propulsive thrust. 

"His first boat built on this 
principle was 13 feet long and was 
named AUTOtlAV ?. Horizontal fins 
were mounted on the bow and stern 
as shown in Figure 21. The fins were 
20 inches long by 10 inches wide and tapered from .07 inch thick at the forward 
end to .01 inch at the after end. 

"The pitching motion of this boat was sufficient to undulate the fins 
and thus give a propulsive forward thrust. The AUTONAUT made a speed of three 
knots free running, against both wind and sea, artd more than two knots with a 
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plahk in tow. Linden built several of these boats of greater length than 
the AUTONAUT. The largest was 24 feet long and made a speed of four knots. 



KALFAS' WAVE PROPELLED BOAT 30 p, 0UftE J2 

"A New Hampshire inventor, Sotirios Kalfas of Manchester, patented 
another variation of the wave propelled boat in 1936. Figure 22 demonstrates 
the principle involved. As the boat pitched in a seaway, the hinged paddle 
moved up and down relative to the boat. Through a gear-train, ratchet, and 
pawl this relative oscillation was converted into a continuous rotary motion 
which drove a screw propeller. 

"A much more ambitious plan was described by James Graham of New York 
City. In 1902 he obtained a patent on an automatically propelled multiple 
hull vessel. This vessel was articulated both longitudinally and transversely 
as can be seen in Figure 23. The hull consisted of fbur longitudinal sections 
which were hinged together to permit undulation with bow-on waves. Trans¬ 
versely it consisted of a main hull section mounted between buoyant pontoons 
which were hinged to the main Hull to provide a relative movement under the 
action of transverse waves. 
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"The hinges between the longitudinal sections consisted of pin joints 
at mid-depth. At deck and bottom levels were rows of pistons secured by ball 
joints to one section, moving in cylinders affixed to the adjoining sections 
of the hull. These cylinders contained hydraulic oil which was pumped by 
the undulatory pitching action of the hull. 

"Between the outer pontoons and the main hull were roller joints about 
which the floating sections pivoted. To these joints were attached chains 
which actuated hydraulic cylinders. 

'‘The "tremendous" hydraulic power generated was pumped to hydraulic 
motors which, in turn, rotated the seven screw propellers with which the ship 
was moved through the water. Mr. Graham wisely provided a conventional steam 
power plant for operation of his vessel in calm water. 

'The schemes of Henning and Linden are more attractive than those of 
Kalfas and Graham because they used wave energy to operate the propulsor 
whereas the latter inventors used intermediate power transmission and conver¬ 
sion systems. Graham's vessel differed from the other three in that he used 
wave generated buoyancy forces while the others took advantage of water motion 
relative to the hull. 

"From a practical standpoint it would probably be more efficient in 
developing a wave propelled vehicle to use relative velocity of motion rather 
than buoyancy. Although the buoyant forces are of large magnitude, they are 
difficult to control and convert into propulsive thrust. 

"Relative motion between a ship and the sea is a result of both sea 
motion and ship motion. As the sea surface rises and falls the floating ship 
is excited into motion by continual redistribution of the buoyant forces 
acting on the hull. However, because of its inertial characteristics and the 
inflexibility of its hull, the ship tends to oscillate in its ora natural fre¬ 
quencies of roll, pitch, yaw, surge, sidle, and heave. In any significant 
seaway the water velocity relative to the hull at any point can become quite 
high. With proper control it is quite possible that these relative velocities 
could be used effectively to generate propulsive thrust, either for main 
propul'sion or as an auxiliary. In turn the conversion of energy from ship 
motion to propulsive thrust would tend to damp the undesirable ship motions." 
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Other forms of wave energy conversion systems have evolved from schemes 
related to the generation of waves for 3hip model tests or for studies of wave 
effects on beaches and shore structures. Figure 24 shows four types of these 
model tank wave makers. Each of these involves the vertical or horizontal 
displacement of a mass of water on a periodic basis; the volume of water dis¬ 
placed controls the wave height and the frequency of oscillation of the moving 
element controls the period of the wave. Also shown is a combination of the 
paddln and the pneumatic types of wavemakers used as a wave energy absorption 
and conversion system. The pneumatic system alone can also be Used in reverse 
in such a manner that waves, channeled into a domed air chamber, will generate 
air pressure fluctuations that can be used to drive an air turbine which in 
turn drives an electric generator. 

In addition to wave energy conversion devices conceived for use in ship 
propulsion, and those itfhich are an inversion of model tank wave makers, there 
have been innumerable devices patented over the last two hundred years that 
in one way or another convert wave energy into mechanical energy. Those that 
show any promise at all of successfully satisfying the current demands for 
converting renewable sources of energy will be discussed in more detail below 
under "Candidate Systems". 
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WAVE ENERGY RESOURCE POTENTIAL 
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"Wind waves present themselves to the onlooker 
as a series of irregular crests separated by inter¬ 
vening troughs which advance across the surface of 
the sea one after another in unending succession 
from horizon to horizon. Depending on the state of 
the wind locally or on the distribution of wind 
systems elsewhere, they may range in site from the 
tiniest ripples that stir the surface here and there, 
when a breeze first springs up, to the fiercest of 
storm seas; or in a flat calm, the glass Surface 
may heave itself upward at intervals in the long, 
smooth ridges of a swell that comes from afar. 

"Owing to the extreme mobility of water, to 
the fact that truly windless areas seldom reach far, 
and to the rapidity with which even a light breeze 
sets up a series of undulations, it is rare indeed 
that waves of some sort are not running out at sea 
anywhere, though they may be so low as to escape 
notice. And it is unusual to encounter a truly 
plane sea surface of more than a few hundred yards 
in extent or for more than a brief period of time, 
even in coastal waters. 

"The natural impression of anyone viewing 
waves for the first time - or even after viewing 


them for years, unless he has paid attention - might well be that the mass of water 
composing each successive crest was moving bodily ahead across the surface of the 
sea. But it does not reouire much study to convince the observer that such is not 
the case. If he watches the movements of any floating object, such as a piece of 
wood, or a seine cork, Figure 25, when waves are running, he will see that his 
marker does not drift along continuously as it would if the water in which it 
floats were constantly advancing, but that it moves ahead only a short distance 
as it is lifted by each crest, to recede again as it descends into each successive 
trough at so nearly the same velocity at which it had advanced that it returns 
almost to its original position. On the other hand, no argument is needed to 





-133 


convince ohe that the wave forms do progress, even if the water particles com¬ 
posing them do not do so to any appreciable extent. 

"In short, two distinct types of motion are combined in the advance of a 
wave. The one, mirrored by the movements of the floating cork, is the oscilla¬ 
tory motion of the water particles of which the waves are composed; the other is 
the undulatory advance of the wave form. Waves in their advance indeed recall, 
though they do not truly parallel, the "waves" that one can see running across 
a field of grain or tall grass on a windy day, when the tips of the grasses 
are carried ahead with each gust of wind but then return to their original posi¬ 
tions, just as any bit of flotsam nearly does on the surface of the sea. And 
it is fortunate that this is the case, as has often been pointed out; so rapidly 
do waves often run that, if the enormous masses of water of which storm waves 
are composed advanced bodily across the sea, the ocean would not be navigable. 

"A convincing demonstration of the forward and backward movements of the 
water particles, with the passage of a wave, can often be obtained if one looks 
down upon a field of submerged beach grass in an estuarine situation at high 
tide when the sea surface is unrippled and small swells are running. The 
grasses sway forward as the top of each crest passes over them, then sway 
backward under the following trough, to rise again under the next crest. 

"If one watches a floating marker in moderately deep water, and if condi¬ 
tions are favorable for estimating how much it rises and falls, and how far 
it advances and recedes with the passage of each wave, the observer will also 
see that the length of each of its horizontal journeys is about as great as 
the vertical distance between the point to which it is raised by the crest and 
that to which it falls in the trough; this, of course, equally true of the 
water particles in which the object is floating, since it is these water 
particles that carry it to and fro, and up and down. 

"The motions, however, of the marker and of the water particles are 
not simply Upward-forward with the passage of the wave crests, and downward- 
backward with the passage of the troughs, but form a curved path, correspond¬ 
ing to the convex contours of the wave crests, and the concave contours of 
the wave troughs. Further, it has long been established, both theoretically 
and by experiments (usually carried out by watching or by photographing the 
tracks of small particles suspended in the water), that the particles actually 
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TROCHOIDAU wave motion 
PIOURI 26 

move along circular orbits, in a Vertical plane parallel to the direction in 
which the wave forms are advancing, Figure 26; when the water is so shoal that 
the proximity of the bottom interferes with the development of the wave, how¬ 
ever, the orbits are rendered-more or less elliptical. 

"it should be emphasised, too, that all the water particles along any 
given perpendicular are moving in the same direction at any given instant, 
throughout the whole of the depth zone that is affected by the wave. Thus, 
at the instant of passage of the top of the crest, all the water particles 
that lie below it are moving horizontally forward. During the passage of 
the back of the crest, all of the water particles below it are moving first 
obliquely forward and downward, next perpendicularly downward, then obliquely 
downward and backward. At the instant of passage Of the bottom of the trough, 
all of the water particles below it are moving horizontally backward. During 
the passage of the front of the next crest, all of the water particles below 
it are moving first obliquely upward-backward, next vertically upward, then 
obliquely upward-forward, to move horizontally forward again at the instant 
of the top of the next crest. 
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"It is obvious that if any given water particle is close to the surface 
of the water the vertical distance between the points that it occupies in its 
orbit when it is at the top of a wave crest and when it is at the bottom of 

the succeeding trough is equal to the vertical distance between the crest and 

the trough. In other words, the diameter of its orbit is equal to the height 
of the wave from crest to trough and is entirely independent of the length of 
the wave from crest to crest, or of the speed of its advance. 

"It is further clear that the velocity with which each water particle 
circles its orbit is governed (a) by the distance the water particle must 
cover during each circuit and (b) by the length of time during which each 
circuit is completed. The length of the circuit of a water particle at the 
surface is, of course, equal to the circumference of the orbit, or (the diam¬ 
eter of the latter being equal to the height of the wave) about 3.14 times 

as long as the vertical height of the wave, crest above trough, at the time. 

The time occupied by it in each circuit is equal to the time interval that 
intervenes between the passage of every two successive crests past any given 
point, for each water particle is at the top of its orbit when each successive 
crest passes by. This tine interval, in turn, depends on the velocity at which 
the wave forms are advancing, and on the distance from one crest to the next, 
i.e., on the so-called period of the wave." 

How big the waves become depends on how strong a wind is blowing, on 
how long it blows and on a third factor called fetch. Fetch is the extent of 
open water across which a wind can blow. A breeze of half a mile an hour can 
set in train a purring set of ripples. A four-mile-an-hour breeze will stir 
up real waves. But waves can only grow to a height of about one seventh the 
distance between crests without toppling in foaming whitecaps. It is on the 
open sea, where the wind may blow over a fetch of thousands of miles, that 
the biggest waves have been recorded. The sailor's rale of thumb says that 
the height of the wave in feet will usually be no more than half the wind's 
speed in miles per hour. In an SO-mile-an-hour hurricane, by this rule, the 
waves may run about 40 feet high. But individual waves may be far higher. 
Whipped together by a storm, traveling at different speeds, waves may combine 
in superwaves that can rise out of the driving, howling sea to rake the biggest 
ship. 

Relationships between wave heights and periods, and the wind velocities 
and fetches that produce them are given in the table on the following page. 
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When waves pass out of a storm area, they gradually lose height, and 
begin to stretch out the distance between crests to many hundreds of feet as 
they roll landward. The average speed of the ocean swell is about 35 miles 
an hdur in the Pacific Ocean, not quite so fast in the Atlantic, where the 
fetch is usually shorter. When a wave finally approaches shore a startling 
change takes place in its inher mechanics. For the first time it feels the 
drag of a shallow bottom. Just when this takes place depends, curiously 
enough, not on the height of the swell but on the distance between crests. 

This distance is known as the wave-length, and waves generally touch down 
when the depth of the water is equal to the half their wave-lengths. A 
swell with crests 400 feet apart will "feel bottom" in 200 feet of water. 

As a result of touching bottom, the wave slows. Other crests crowd 
in behind it. Abruptly the circular paths of the water particles are squeezed 
together. The back of the wave, traveling faster than the front, overtakes 
it and forces it to rise in a peak. This peak, still traveling fast, tends 
to "lean" forward in a curl. Finally the wave leans too far forward and 
with a spilling, tumbling rush of water the crest topples into foam. 

10 "Whatever the facts about the size of waves at sea, there is plenty of 
solid evidence that plunging breakers smashing ashore have engulfed light¬ 
houses and shattered buildings anywhere from 100 to 300 feet above the sea. 

At Tillamook Rock, Oregon, on one of the most heavily battered coasts in the 
United States, waves flung a 135-pound boulder a hundred feet into the air 
and through the roof of the lightkeeper's house, wrecking the interior. 
Additional smaller rocks, hurled even higher by waves, have broken the windows 
of Tillamook Rock Light so often that a steel grating now encloses the beacon - 
139 feet above the water. 

"Despite such feats by storms, it is the everday sloshing of the surf 
that does the sea's main job of sculpturing. In the course of a single year 
unceasing surf wears down and rebuilds thousands of beaches, alternately 
removing and putting back sand in a never-ending cycle, often placing it some¬ 
where else. People living on the California coast between Santa Barbara and 
Los Angeles have seen the surf move great quantities of sand miles along the 
shore in a few years, robbing some towns of prized beaches and choking the 
harbors of others with tons of unwanted sand." 
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Waves do not always roll directly at the shore. Often they approach it 
at an angle. But they have a tendency, the closer they get, to bend around 
toward the shore. This is because the part of the wave entering shallow water 
first is slowed by the bottom, while the part still out in deeper water u*hces 
ahead - like a row of soldiers wheeling around a street comer. In the case 
of a headland jutting into the sea, this action makes the waves bend around 
in such a way as to attack the exposed point from both sides. But this 
wheeling motion is never entirely complete; waves still hit the shore at an 
angle. This produces longshore currents, flows of water along the beach which 
can wash beach and sometimes even bathers right away. The behavior of waves 
near shore in a specific area should be thoroughly investigated prior to the 
location of a wave energy conversion system in that area since not only can 
natural phenomena alter the energy distribution but the conversion device 
itself may ruin the neighborhood. 

The underlying cause for the development of breakers and surf is the 
alteration that takes place in the shapes of waves as they move in shoreward 
over a shoaling bottom, after they have reached the point where the depth is 
less than one-half their own initial lengths. 

This alteration consists in a decrease in their lengths, often combined 
with an increase in their heights, by which their crests are progressively 
steepened until they breai . And waves running toward the shore so commonly 
advance into water shallow enough to transform them into breakers, that one 
is apt to forget that the water may continue so deep, right up to the strand, 
that the drag, so to say, of the waves on the bottom may not be sufficient 
to steepen them to the breaking point before they actually arrive at the 
barrier of the shore line. Thus, waves advancing against a steep promontory, 
or cliff, that rises from water, say, twice as deep as the wave heights, may 
simply surge up and down against the barrier, breaking not at all or only in 
a confused manner, unless they strike a part of the barrier where irregulari¬ 
ties in its face cause them to do so. It is often easy to observe this phe¬ 
nomenon when small waves are running against a stone or steel pie* with sheer 
walls. Surf breaks heavily, however, against sea walls, etc., if the water 
is made relatively more shallow by the accumulation of sand or gravel at 
their bases, as commonly happens after a time; in such cases the incoming 
waves are altered into breakers by the sloping bottom that they meet there. 
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The reflection back of storm seas from a cliff or breakwater against 
the next incoming waves may so increase the heights and steepness of the 
later as to cause them to break heavily, some distance out from the barrier. 

But the counterwaves may prevent heavy breakers from developing there at all, 
if the weather is moderate or the wind offshore. 

3 "A wave approaching shore first begins to show measurable deformation 
when it reaches a poiht Over a ShOaling'bottom where the depth of the water 
(measured below undisturbed sea level) is about one-half the wave length from 
crest to crest. It has long been known that the lengths of waves are pro¬ 
gressively reduced in their further progress from this point onward, so that 
they are telescoped together, as it were, as they near the shore. 

"The reduction that takes place in the lengths and in the velocities of 
waves over a shoaling bottom is usually given as proportional to the square 
root of the depth of water. Recent observational as well as theoretical 
studies, however, have shown that the situation is much more complex than 
this, and especially that the decreases in the length of a wave, and hence 
the increase in its steepness, is much more abrupt as the wave approaches the 
shore line than was held by the older view. It is perhaps of equal interest 
that the relationship between lengths and velocities that applies to waves 
in deep water is altered as they run in over a shoaling bottom, with the result 
that waves that differ widely in length tend to run at similar velocities as 
they near the breaker line. This is illustrated in Figure 27 from which the 
proportional alteration in length and in velocity of a wave can be read 
directly at different points in its advance over shoaling bottom." 



wavb dimensional chances over a shoauno bottom 

3 FIGURE 27 
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The simple relationship between velocity, length, and period in the 
table given earlier holds only for waves that are very low, relative to their 
lengths, steep waves travel a little faster. When waves run into shoaling 
water and steepen further, the increase in their heights seems to oppose 
their tendency to shorten, the result being that they run a little faster 
than might be expected of lower waves of the same length. In extreme cases 
their velocities may increase in this way by as much as 10 percent, but 
usually the effect is much less than this. 

It is commonly stated that the periods of breakers on the shore are 
the same as those of the waves out in deeper water, since the reduction in 
the velocities and in lengths of the latter, over the shoaling bottom, are 
in at least approximately the same ratio. Any other condition would require 
either the development of entirely new waves or an accumulation of waves, or 
the complete disappearance of some of the waves during the last part of their 
advance shoreward. 

The power available in progressive ocean waves is given by the follow¬ 
ing relationship where the power is expressed in kilowatts per frontal wave 
foot: 

P/E s 0.025 E 2 /L~ 

where: 

H is the wave height from crest to trough in feet 
L is the wave length in feet 

Generally speaking, since the length, height, and velocity relationships change 
proportionately as a wave approaches a shoreline, the power per frontal wave 
foot remains about the same except that energy is gradually lost as the wave 
moves up a beach after breaking. 

The total energy available from ocean waves over the entire world has 
been estimated to be on the order of one and one-half million megawatts. Of 
course only a small fraction of this total energy is available to the United 
States and even a smaller fraction is within range of potential users of 
ocean wave energy conversion systems. However, there is one interesting 
feature of this form of solar energy that makes it more advantageous than 
many of the other forms that have been considered as viable sources for con¬ 
version to usable power. Consider the following: 
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Changes in solar heating of the earth cause high and low pressure 
regifihs to form with the corresponding generation of air mass movement 
from high pressure regions to low pressure regions. The major proportion 
of the wind energy so generated that is within a reasonable altitude is 
converted into ocean wave energy as it passes over 7S% of the surface of 
the globe. Despite the loss of energy involved in the transfer, the ocean 
wave energy is not only of longer duration than the winds which generated 
it but it is continuously being transmitted to those regions where it can 
be utilized to good advantage. The final dissipation of this twice converted 
form of solar energy takes place on the continental shores where it is readily 
available for conversion into mechanical energy for use by mankind. 

Taking the power potential equation from the previous page and applying it 
to available data on wave heights and lengths that are seasonally dissipated 
on certain regions of the coasts of the United States, the following table 
gives some indication of the available energy flux in kilowatt hours per 
foot of coastline. 23 


KW.HRS/PT OP WAVE CREST 


ANNUAL 


LOCATION 

DEC*FE8 

MAR-MAY 

JUN-AUG 

SEPT-NOV 

TOTAL 

WEST COAST 

KODIAK 

6,290 

5,140 

1,610 

4,240 

17,230 

SEATTLE 

5,710 

5,740 

2,300 

5,950 

19,700 

NORTH BEND, OREGON 

11,920 

8,610 

4,760 

7,180 

32,470 

SAN PRANCISCO 

8,480 

8,580 

4,160 

4,520 

25,740 

CULP COAST 

GALVESTON 

3,020 

2,020 

720 

2,020 

7,780 

EAST COAST 

newpounolano 

15,230 

9,020 

3,790 

9,160 

37,190 

NEW YORK 

2,830 

4,680 

3,420 

5,370 

16,300 

CHARLESTON 

5,700 

5,270 

3,480 

5,040 

19,490 


PRINCIPLES OP ENERGY EXTRACTION 


The characteristics of ocean waves have been described in some detail, 
both as they appear in the deep ocean and as they are modified when dissipating 
themselves on a continental shoreline. These waves are periodic in nature and, 
at any instant, contain both potential and kinetic energy which is capable of 
being extracted by various means. 
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Within a wave of a given length the potential energy at any instant 
is the integration of the product of the mass of each element of the wave 
and its height above the trough of the wave. This potential energy may be 
converted to mechanical energy in a number of ways, for example by raising 
and lowering a float as in the Kalfas wave propelled boat, or by alternately 
compressing and expanding a column of air contained within a domed cylinder 
open at the bottom to the rising and falling water. The varying elevation 
of the buoyant float or the alternate compression and expansion of the air 
in the chamber can then readily be used to drive an electric generator or 
other mechanism for extracting energy. Even more direct conversions are 
possible such as valving the rising and falling column of water through a 
reversing turbine and taking off directly the converted power. 

However, to convert only the potential energy in a wave is extremely 
wasteful of the total power available. The kinetic energy contained in the 
orbital motion of the wave particles must also be converted in any efficient 
form of power extraction device. Total conversion would result in decelerating 
the orbital motion to the point of zero velocity and thus of removing all 
energy from the wave. This requires some mechanism whose elements would 
essentially supplant the rotating wave particles and gradually extract torque 
as the rotational rate dropped to zero. 

Inversions of the various wavemaking devices given in Figure 24 can 
only absorb and convert a part of this kinetic energy since they deal only 
with the oscillatory motion of the particles in either the horizontal direction 
or the vertical direction but not both at the same time. 

The most effective wave energy conversion systems will be those that 
include some techniques for converting both the potential energy and all of 
the rotating components that comprise the kinetic energy within a wave system. 
The physical characteristics available to the designer of such a system are 
buoyancy, gravity, periodicity, the translational and rotational restoring 
forces and moments acting on bodies buoyantly supported by a water wave system, 
and the inertial characteristics of heavy masses suspended from the water 
surface. These characteristics need to be combined into some system that will 
convert rotational wave energy into rotational mechanical power in the most 
efficient and inexpensive manner. 
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CANDIDATB wave BNEROY CONVERSION SYSTEMS 
Id M 

Methods of extracting the solar 
energy in waves fall into three cate¬ 
gories: (1) utilizing the vertical rise 
and fall of successive waves to activate 
either a water- or an air-operated wave- 
powered turbine; (2) utilizing the to and 
fro or rolling motion of waves by means 
of vanes or cams that would turn tur¬ 
bines; and (3) other methods, such as 
concentrating waves in a converging 
channel in which the momemtum transport 
of shoaling and breaking waves maintains 
a head of water that can drive a turbine. 

"A wave power generator has been 
developed at the Scripps Institution of 
Oceanography by Isaacs and his colleagues (Wick, 1973; Issacs and Castel, 1974). 
Their slack-tethered device consists of a vertical pipe containing a one-way 
check valve and a buoyant float at the surface, Figure 28. When the float and 
pipe descend into a wave trough the water flows up the pipe past the check 
valve. As the float ascends a crest the water is prevented from flowing down 
by the check valve. Subsequent cycles elevate the water into an accumulator 
tank or reservoir until pressures are reached suitable for power generation by 
the flow of water through a turbine. The wave-generator is detuned and will 
respond to a large frequency range. To date, power output from a 203 mm (8 in.) 
diameter pipe 60 m (200 ft) long, operating in waves having a 1.8 m significant 
wave-height and an 8 second period, was only equivalent to 60 W at nonoptimal 
design conditions. Isaacs and Castel (1974) have calculated that a 90 m long 
pipe, 0.9 m in diameter, will produce 18-20 kW of continuous power in a trade 
wind area; more recent calculations yield a figure of 30-40 kW. Isaacs states 
that larger units would be more economical because the power increases with the 
square of the pipe diameter and the cost increases approximately with the first 
power of the diameter. 

"Masuda (1971) described a pneumatic-type of wave convei*sion device in 
which the relative air motion above an internal free surface within a pipe 



19 FIGURE 28 
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compresses air that drives an air turbine 
coupled to an electric generator. Masuda'a 
fairway and weather buoys utilise a 70 K 
wave-activated generator. The use of these 
buoys at sea by the Japanese Maritime 
Safety Agency dates back to 1965. Masuda 
(1974) reported that 300 units were in 
service. In 1967, a 120-'.'.’ wave-activated 
generator was installed in a lighthouse 
on Ashika Island at the entrance of Tokyo 
Bay. A 500-W wave-activated generator was 
demonstrated in 1970, and Masuda (1971) 
reports plans for a one kilowatt unit. 

"A floating, octohedral-shaped 
ring buoy has been proposed by Msauda 
(1974) to utilise waves off Japan having 
a length of about 120 m. Experiments, 
prototypes, and model tests leading up to this design. Figure 29, date back to 
1947. Buoy dimensions are 120 m outside diameter, 70 m inside diameter, 4 m 
deep, and the net weight is calculated to be between 1,500 and 5,000 metric 
tons; the ring contains abdut 20,000 tons of water. Msauda reports that the 
oscillation period of this ring buoy should be about 50 seconds. The operation 
principle is that a pump room, having a 4,000 m 2 area, will be open at the 
bottom and, as wave action compresses the air in the room, the air will operate 
a turbine to drive a generator producing 3 to 6 MW of electricity in high seas. 

This figure is predicated on 1 m 2 of pumping area serving to generate 1 kiv of 
electricity during 5000 h/year. Masuda (1974) believes that component construc¬ 
tion in a shipyard should be simple and that assembly will be undertaken at sea. 

"McCormick et al (1975) report on theoretically determining the optimum 
configuration of the Masuda buoy and have experimentally and theoretically 
studied a fixed wave-energy converter Using the same principle. Their analysis 
predicts that a total time-averaged power per wave of 4 to 40 kW can be generated 
from 1-1.5 m high waves having periods greater than 4 seconds. These power 
values result from the fact that the wave-energy converter is a surge chamber 
and large amounts of wave energy are extracted in the broad-wave frequency 
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band about the 6.1 m diameter chamber resonance frequency. McCormick et al 
(1975) have also conceived a double-action turbogenerator that is expected to 
more efficiently convert wave energy, into useful electrical energy by contirtu 
ally rotating over a wave period. A variant of this proposal has also been 
made for powering the University of Hawaii floating city. 



SALTER'S DUCKS 
35 FIGURE 30 

have examined the bandwidth of applicable 
studies that power conversion efficiencies 
over the range of ocean wave periods. 


"The second method of wave- 
power generation is based on a specially 
contoured rocking vane, or Salter cam. 
Figure 30, designed to absorb power 
from waves (Salter, 1974a). The random 
vane rotations produce undirectional 
pulses of water to spline pumps, the 
output of which drives a single turbine. 
One system might consist of about 40 
vanes connected to a cylindrical member 
having a diameter of 10-20 m for North 
Atlantic waves. Swift-Hook et al (1975) 
wave periods. They concluded from model 
greater than 50 percent can be obtained. 


"According to a brief report (Industrial Rssearoh, December 1974), Edinburgh 
University is purported to have received about a $144,000 (£65,OdO) grant from 
the UK Department of Trade and Industry to continue development of Salter's free- 
floating concrete and steel breakwater structure. Each structure, about 1 km 
long and submerged to a depth of 10-20 m, would contain 20-40 vanes or cams 
rotated about an axis by the rolling motion of waves to generate electricity. 

An energy capture ratio of 90% was cited. Each structure is estimated to gene¬ 
rate SO MW, and a battery of 10 may cost about 480 million dollars. A promising 
location for the first installation was stated to be about 10 km west of the 
Hebrides Salter (1974) states that the installations could be self-propelled, 
that electrolytic production of hydrogen was a promising use for the power 
generated, and that a few hundred kilometers of installation could meet the 
total 1974 UK electrical energy requirements. 
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WAVE CONTOURING RAFT 
35 FIGURE 31 


"An alternate method, using 
relatively small mass-produced units 
has been proposed by Woolley and Platts 
(1975). Their wave-contouring raft 
design, Figure 31, consists of a series 
of hinged floats having pumps on the 
hinges. This concept is almost identi¬ 
cal to that proposed by Graham in 1902 
for ship propulsion. Waves travelling 
along the chain absorb power from the 
relative rotation of adjacent floats. 
The target is to harness the enormous 
energy in waves off the coast of 
Britain. These are reported by Woolley 
and Platts (1975) to have a maximum 
storm wavelength of 400 m, a 16 second 
period, and a maximum power content of 


about 400 kW/m of wave crest; however, Salter (1974b) indicates that power levels 
of 10 to 100 kW/m are more common in the North Atlantic. Masuda (1974) estimated 
that an average high (12 m/s) winter wind off the coast of Japan will yield a 
power level of 60 kW/m of wave crest." 



RUSSELL RECTIFIER 

3.5 figure 32 


Another wave energy conversion system being developed by the British under 
their current program is the Russell Rectifier, Figtire 32. This is a device in 
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whiCh a structure composed of high and low-level reservoirs is exposed to 
waves. The reservoirs are separated from the sea by a set of vertical non¬ 
return flaps, so that waves drive sea water into the high-level reservoirs 
and extract it from the low-level ones. Still at the feasibility study stage, 
this scheme has been proposed by the HydraUlic Research Station. 

KEY PROBLEMS WITH OCEAN WAVE ENERGY CONVERSION SYSTEMS 

It may be noted in reviewing the candidate systems for wave energy extrac¬ 
tion that several of the devices are suggested for use as breakwaters. This is 
particularly pertinent in that it calls for the substitution of an energy con¬ 
version device for a form of construction that is already required for protec¬ 
tion of almost every harbor in the United States. Furthermore, for deep sea 
terminals, for floating nuclear power plants, and for other forms of offshore 
and nearshore construction, some means of absorbing the energy of ocean waves 
is essential to the success of the operation. If the wave absorption system 
could be replaced by a wave energy conversion system it would make a great 
deal of economic sense. 

The major problem with this concept seems to be that the wave energy 
conversion systems that have been proposed do not function as effectively as 
does a breakwater in absorbing wave energy and in providing a calm body of 
water in the harbor area. It is increasingly evident that the ideas that 
have been postulated for converting wave energy to mechanical energy do far 
less effective a job than a pile of rocks or they are relatively so expensive 
as to put them out of the economic class of a simple breakwater. 

Looking at all of the ocean wave energy conversion systems that have 
been proposed, and upon which development work is being performed, it is not 
apparent that any system or combination of systems does a really effective job 
of capturing the total potential and kinetic energy contained in a wave train. 
Until such a system is devised, ocean wave energy conversion systems will 
neither serve as complete replacements for simple breakwaters nor will they 
perform efficiently in converting wave power to mechanical power to meet 
today's demand for new sources of renewable energy. 
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